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ABSTRACT

With increased global attention on the greenhouse effect and climate change, identifying an
effective and economical solution to control the release of greenhouses gases, especially carbon
dioxide (COz), into the atmosphere has been the subject of much research. Because it does not
use chemicals or produce toxic byproducts, water scrubbing is an environmentally friendly
method of absorbing CO; from exhaust gas and therefore provides a promising means of
controlling emissions of CO>. However, the great limitation of this method is a low interaction
between CO; and water, resulting in a low degree of removal and a high-pressure (1.0 to 2.0
MPa) operating requirement. In this study, I employed an apparatus outfitted with one or
several water-film-forming-units (WFFU) which can produce a large number of water-films
along with fine bubbles to promote the mass transfer and contact between the gas and liquid

phases and improve the effectiveness of water scrubbing.
The doctoral dissertation included 6 chapters and its content was presented as the following.

Chapter 1 introduced the background, the objectives of this study and the structure of the

doctoral dissertation.

The literature review related to this research and the summary of the previous study on the

CO; removal technology were presented in Chapter 2.

In Chapter 3, the performance of an apparatus outfitted with a water-film generator in
removing CO; from different concentrations of mixed gases (containing CO; and N>) while tap
water as a physical solvent to absorb CO» was assessed through the obtained results of removal
efficiency and absorption rate under various conditions of key factors including internal
pressure, gas supplying pressure, temperature, gas-to-liquid ratio (G/L), and initial CO»
content. The internal pressure in the absorption tank and CO: initial content, have a
significantly direct effect whereas temperature shows an inverse effect on the CO2 removal
efficiency and its absorption rate in water. The results also prove that the good performance of
CO; removal process can be seen at the low gas supplying pressure of 0.30 MPa. The low value
of G/L can increase the removal efficiency but it prevents the economic aspect due to a decrease
of CO; absorption rate. On varying the experimental conditions — internal pressure (0.06 and

0.10 MPa), gas supplying pressure (0.30 — 0.70 MPa), temperature (10 °C — 30 °C), G/L (0.36



— 1.79), and initial CO; content (10% — 100%) — the CO2 removal ability and absorption rate
varied from 22.9% to 90.0% and 4.5 x 10" to 44.5 x 10* mol s”'L"!, respectively. For instance,
the removal and absorption rates reached approximately 90.0% and 12.0 x 10** mol s'L,
respectively, when the experiment was operated at 10°C and 0.30 MPa of gas supplying
pressure with 35% COx inlet gas content and 0.71 G/L.

Chapter 4 discussed about the application of statistical tools in assessing the performance
of CO, removal process using the advanced water absorption apparatus. The influence of
various parameters—pressure, initial CO2 concentration, G/L, and temperature—on the CO>
removal efficiency and its absorption rate in water were investigated and estimated thoroughly
by statistical polynomial models obtained by the utilization of the response surface method
(RSM) with a central composite design (CCD). Based on the analysis of experimental matrix
containing 31 trials, a high efficiency of CO> capture can be reached in conditions such as low
pressure, high CO> concentration at the inlet, low gas/liquid ratio, and low temperature.
Furthermore, the coefficients of determination, R’, were 0.996 for the removal rate and 0.982
for the absorption rate, implying that the predicted values computed by the constructed models
correlate strongly and fit well with the experimental values. It evidences that the models can
be used as useful tools to predict the CO> removal efficiency and absorption rate accurately
without carrying out a large number of experiments. Therefore, the utilization of RSM-CCD
can provide several benefits such as time saving, reducing of experimental trials and

availability for observing the interactions among factors.

As discussed above, the advanced apparatus equipped with one WFFU support for the CO»
removal performance at low pressure but it still remains the limitation due to the low removal
rate under high load of feed gas (low absorption rate at high G/L). So as to assess
comprehensively the effect and the benefits of using WFFU in improving CO» removal process,
I carried out the comparison of the values of CO> removal and absorption rate which obtained
when conducting experiments in the apparatus equipped with non-, one- and two-WFFUs. The
results and discussions for this matter was shown in Chapter 5. Based on our results, the
WFFU significantly improves CO; capture at 0.30 MPa in a water absorption system with two
WFFUs. The CO; removal rate was 20% greater than for conventional systems without

WFFUs. Moreover, statistical data attained by the Taguchi analysis method showed that the
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number of WFFUs used in the absorption system has the greatest influence on CO»> removal
efficiency (contribution percentage = 50.65%) compared to gas supplying pressure, initial CO-
concentration, G/L, and liquid temperature. I also thoroughly investigated the effects of these
factors on CO; removal performance in the apparatus linked with non- , one- and two-WFFUs.
The optimum conditions for CO; removal efficiency in a system equipped with two WFFUs
are: low temperature, a G/L of 0.71, a gas supplying pressure of 0.30 MPa, and a high inlet
CO; concentration. Therefore, our research improves on the physical absorption method for
removing CO; from exhaust gas using tap water, thereby introducing a promising new
technology for controlling carbon dioxide emissions in a more environmentally friendly
manner.

Finally, Chapter 6 summarized the findings of this research including the CO, removal
performance when using WFFU in enhancing the water absorption process, the optimum
removal conditions and the benefits of WFFU in the improvement of water absorption method.

In this chapter, the suggestions for the further work was revealed.
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CHAPTER 1

INTRODUCTION

1.1  Background and problem statement

Global warming and climate change have recently resulted in several negative influences on

the environment, living creatures and human health. Therefore, finding out the solutions so as

to mitigate the greenhouse effects, which are related to the high amount of greenhouse gases

in the atmosphere, is currently global concerns (Nguyen et al., 2018). In the comparison among

numerous greenhouse gases including CO,, CHs4, N>O, CFCs and F-gases, CO, alone

contributes a major percentage of more than 80% to the total greenhouse gas emissions (Lee e?

al.,2012). As a result, only does COz occupy over 60% of the total greenhouse effect (Mondal

et al., 2012, Yu et al., 2012, Ma’mun et al., 2007). As a consequence, the development of a

method which can capture CO, from flue gas effectively and availably is essential and urgent.

Table 1.1 presents various popular technologies using to reduce the emission of CO; from gas

streams.

Table 1.1 Comparison of different carbon dioxide removal technologies

Technology Type Advantage Disadvantage
Chemical Amine — High absorption — High equipment corrosion
absorption absorption  efficiency (>90%) and rate (Kenarsari et al, 2013,
(MEA, applicable for CO, capture Olajire, 2010)
DEA, at low concentrations — High energy consumption due
MDEA, (Kenarsari et al., 2013, to the supply of heat for
AMP) Leung et al., 2014) absorbent regeneration
— Reversible solvent (Kenarsari et al., 2013)
— Most mature and — Environmental impacts are
developed process for CO, related to solvent loss or
separation and already degradation - not
implemented in industry on  environmentally friendly
a large scale (Kenarsari e — Waste chemical and drainage
al., 2013, Leung et al., wastewater require treatment
2014) (Andriani et al., 2014)
Physical Selexol — Low toxicity (Kenarsari — Dependent on temperature
absorption process etal.,2013) and pressure, so difficult to
Rectisol apply on a large-scale in

Process




Purisol
process
Water
absorption

Pressure
swing
adsorption
(PSA)

Adsorption

Gas/Gas
Gas/Liquid

Membrane
separation

— Low corrosion
(Kenarsari et al., 2013)

— Low energy
consumption and low
energy required for sorbent
regeneration (Kenarsari et
al., 2013, Songolzadeh et
al.,2014)

— No special chemicals
required if water is used as
solvent (Andriani et al.,
2014)

— Process is reversible and
the absorbent can be
recycled (Leung et al.,
2014)

— High adsorption
efficiency achievable
(>85%) (Leungetal.,2014)
— No by—products such as
wastewater because  of
using solids to adsorb CO;
(Mondal et al., 2012)

— Process has  been
applied to separation of
other gases (Leung et al.,

2014)
— More than 80%
separation efficiency

(Leung et al., 2014)

— No waste stream and no
regeneration process
(Kenarsari et al., 2013)

industrial plants (Songolzadeh
etal.,2014)

— High pressure is required and
low efficiency for CO, removal
(Kenarsari et al., 2013, Olajire,
2010)

— Requires high temperature
adsorbent, high energy for CO»
desorption, and has high
operation costs (Leung et al.,
2014)

— Low selectivity and capacity
of available adsorbent CO..
Rarely applied to large-scale
separation of CO, (Kenarsari et
al., 2013, Mondal et al., 2012)

— Operational problems include
low fluxes and fouling (Leung et
al.,2014)

— High cost of membrane. The
membrane is easily
contaminated and plugged by
impurities in the feed gas
(Kenarsari et al., 2013)

— Membrane often suffers
thermal shock and chemical
corrosion (Xiao et al., 2014)

— No large-scale operation
experience (Leung et al., 2014)

Taken together, each of technologies mentioned above has their benefits and drawbacks

with reference to evaluating factors consisting of removal capacity, operation, cost, energy,

equipment, and environmental influence. Upon these methods, due to the fact that absorption

is the most mature method that has been in practical application for 60 years, it is the most

popular and commercial method for separating CO, from the exhausted gases (Babu, 2014,
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Rao & Rubin, 2002). The basic fundamental of this technique is to absorb one or more
substances from a mixture of gas into a liquid phase through the boundary of vapor—liquid
phase (Nguyen et al., 2018). Physical absorption and chemical absorption are generally
concerned as two major kinds of absorption method. The difference between these two methods
is whether a chemical reaction happens after the substances dissolving into an aqueous phase
or not (Aresta, 2013). Due to the high removal performance, chemical absorption — especially,
amine absorption — is broadly applied for the capture of CO: from industrial emitted gases.
Nevertheless, this method remains several restrictions. Firstly, because of the use of organic
amine absorbent, this method demands high energy consumption for the amine regeneration
process. Next, this process leads to a high rate of oxidization and produces toxic volatile
degradation substances (Nguyen et al., 2018). Additionally, the emitted amine is possible to
degrade to nitrosamines and nitramines which jeopardize human health and the environment
(Leung et al., 2014). As a consequence, this method is not environmentally friendly. These
negative issues can be solved by using the method of physical absorption — water absorption

(Nguyen et al., 2018).

Water absorption is the technique that is the most cost-effective and friendly to the
environment since comparing to other methods such as chemical absorption, cryogenics or
membrane. Herein, water is used as a solvent so the drainage effluent which is CO»-rich water
can directly or indirectly use for other industrial- or lab-scale application and for storing CO».
For instance, the CO,-rich water after absorption can use for cultivating microalga to produce
biofuels and biomass and mineral carbonating. The interaction between CO» and water also is

weak so CO> can be recovered in the manner of saving cost and energy.

However, the most important drawback of water scrubbing is that in order to achieve high
absorption performance, the high working pressure is required over 1.0 MPa (Ryckebosch et
al., 2011) which means that high energy and cost requirement. Water scrubbing was used to
remove CO: and upgrade a landfill gas consisting of 53.2% CHa, 40.8% CO3, 0.4% O and
4.9% N2 in the pilot-scale packed column (Rasi et al., 2008). The results depicted that CO-
removal ability was about 90.0% as the operational conditions are that the pressure is 3.0 MPa,
water flow rate is 10 Lmin™! and gas flow rate is 50 L min™! (Rasi et al., 2008). Another research

found that with the landfill gas comprising 50.8 — 57.9% CHa, and 37.8 — 43.6% CO3, the CO;



removal rates at water flow rate of 11 L min!, gas flow rate of 7.41 Nm’h'! and water
temperature of 10 — 15 °C were 85.8% at pressure of 2.0 MPa, 87.0% at pressure of 2.3 MPa
and 88.9% at pressure of 2.5 MPa (Lianteld et al., 2012). Xiao and his group also conducted
research of CO, removal using water scrubbing (Xiao et al., 2014). The obtained data presented
that the removal of CO: can fluctuate between 24.4 — 94.2% at the range of pressure (0.8 — 1.2
MPa), inlet CO> content (25 — 45 %), water flow rate/gas flow rate ratio (0.15 — 0.5) and
temperature (10 — 40 °C) (Xiao et al., 2014).

The restrict requirement for pressure when using water absorption is not limited for
absorption pressure, it also requires high gas partial pressure. Water scrubbing method has just
applied for the feed gas containing high CO; partial pressure. Hence, water scrubbing is limited
to use in pre-combustion or oxy-fuel combustion system and in upgrading fuel gas such as
biogas, natural gas or landfill gas. The utilization of microbubble- and liquid-film-forming
apparatus can remedy this issue. Both types of gas bubbles prove that they are innovated
technologies to not only produce numerous boundary and interfacial contact area but also
stimulate mass transfer between two phases of gas and water (Bredwell & Worden, 1998, Imai
& Zhu, 2011, Jamnongwong et al., 2016, Zhu et al., 2007a, Sadatomi et al., 2012). With these
properties, the produce of a large number of microbubbles and liquid-films in the liquid bulk
can improve a gas dissolution rate which results in the circumstance that gas saturation
concentration can reach in short time with the saving of energy consumption and the low
pressure for compressing gas phase (Sadatomi et al., 2012, Jamnongwong et al., 2016,
Temesgen et al., 2017, Zhu et al., 2007b, Zhu et al., 2007a). Generally, it is expected that with
the utility of microbubbles and liquid-film generator, the advanced water scrubbing can capture
CO, effectually for every type of feed gas even though feed gas containing low CO; partial

pressure since low mode pressure is applied

1.2  Dissertation objectives

The goal of this study is to explore an innovated water scrubbing which can improve the
effectivity through the support of water-film-forming-unit (WFFU) for capturing CO from the
mixed gas with N». So as to accomplish the study target, the research was carried out to achieve

four objectives:



— To investigate the effect of key factors such as internal pressure, gas supplying pressure,
gas-to-liquid flow rate ratio, initial CO2 content and liquid temperature on the CO; removal
efficiency and absorption rate when using the water absorption advanced with WFFU.

— To evaluate the effects and benefits of WFFU in improving the performance of water
absorption process through comparing the obtained results of the CO» removal efficiency and
absorption rate in three cases of experiments consisting of using non-WFFU, 1-WFFU and 2-
WFFUs.

— To assess intensively the effect of gas supplying pressure on the absorption process which
is the primary advantage of the conventional water scrubber. Therefore, it can be concluded
that the presence of WFFU can improve the absorption capacity at low pressure as well as
reduce the effect of pressure when applying water absorption for CO» capture.

— To apply statistic tools such as Taguchi method, Plackett-Burman and Response Surface
Method for evaluating thoroughly the effect of key factors on responses and the interaction
among factors, determining the contribution percentage of each factor on responses and

exploring the optimal conditions.

1.3  Structure of the dissertation
Chapter 1 Introduction
Chapter 2 Literature review

Chapter 3 Performance of a carbon dioxide removal process using a water scrubber with

the aid of a water-film-forming-unit

Chapter 4 Response surface method for modeling the removal of carbon dioxide from a

simulated gas using water absorption enhanced with a water-film-forming-unit

Chapter 5 Influence of water-film-forming-unit on the enhanced removal of carbon

dioxide from mixed gas using water absorption apparatus

Chapter 6 Conclusions and future works
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CHAPTER 2

LITERATURE REVIEW

2.1  Environmental issues of greenhouse gases and carbon dioxide
2.1.1 Global emissions of greenhouse gases and carbon dioxide

Climate change or global warming recently becomes the most global concern due to several
world spread drawbacks. It refers to the rise in average surface temperature on the Earth with
various pieces of physical evidence related to (1) the alterations in temperature, (2) the
alterations in energy budget and heat content, (3) the alterations in circulation and modes of
variability, (4) the alterations in the water cycle and cryosphere, (5) the alterations in sea level,
(6) the alterations in extremes, and finally, (7) the alterations in carbon and other
biogeochemical cycles (Stocker et al., 2013). According to the calculation by a linear trend,
the worldwide averaged temperature which is combined between land temperature and oceanic
temperature reveal an increasing temperature of 0.85 °C in the period of 1880 — 2012.
Excepting for glaciers on the periphery of the ice sheets, the global average rate of ice loss from
glaciers from 1971 to 2009 was 226 Gt yr! compared to 275 Gt yr'! over the period 1993 to
2009 (Stocker et al., 2013). Due to the ice loss, the mean rate of global averaged sea level rise
was 2.0 mm yr! in the time of 1971 —2010 and 3.2 mm yr'! in the time of 1993 —2010 (Stocker
et al., 2013). Climate change also influences carbon cycle processes in the manner that
increases CO; in the atmosphere which is able to increase ocean acidification. The reality is
that 0.1 unit of the oceanic surface pH has reduced since the start of the industrialized era

(Stocker et al., 2013).

It cannot be denied that over a half of detected growth in global average surface temperature
from 1951 to 2010 was resulted by the upward trend in anthropogenic greenhouse gases
(GHGs) emission and another anthropogenic forcing together (Stocker ef al., 2013). Only did
GHGs contribute to the global mean surface warming in the range of 0.5 °C to 1.3 °C (Stocker
et al., 2013). Alternatively, the total radiative forcing (RF) is vital and essential to evaluate the
drivers of climate change due to the fact that positive RF is the cause for the surface warming

while negative RF is the cause for the surface cooling. Based on the statistics, since 1750, the



highest involvement to total RF originated from the increases of CO: concentration in the

atmosphere. Owing to a conjunction of the positive RF resulted by the majority of greenhouse

gas concentrations and the negative RF resulted by NOy, aerosols and precursors, the total

anthropogenic RF for 2011 relative to 1750 is 2.29 W m2 (Figure 2.1) (Stocker et al., 2013).

Figure 2.1 Radiative forcing estimates in 2011 relative to 1750 and aggregated uncertainties

for the main drivers of climate change (Stocker et al., 2013).

Specifically, the RF from emissions of well-mixed greenhouse gases (the first group in
Figure 2.1 which consisting of CO,, CH4, N2O, and Halocarbons) for 2011 relative to 1750 is
3.00 W m™. The RF value for CO, emission alone of 1.68 W m2, for CHs emission alone of
0.97 W m™2, for stratospheric ozone-depleting halocarbons of 0.18 W m™ and for N,O emission

alone of 0.17 W m™2 (Stocker et al., 2013).
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The most abundant and noticeable greenhouse gases are carbon dioxide (CO2), methane
(CHay), nitrous oxide (N20), chlorofluorocarbons (CFCs) and fluorinated gases (F-gases).
Based on the report in 2016, total greenhouse gas emissions remains a slight upward trend by
about 0.5% (£0.1%), to about 49.3 Gt in CO; equivalent (Gt CO2 eq) (Olivier et al., 2017). As
presented in Figure 2.2, within 49.3 Gt in CO> equivalent (equivalent to 100% share of total
global GHG emissions), five largest country — China, United States, India, Russian Federation
and Japan — and European Union occupied 68% of total global CO; emission and about 63%

of total global GHG emissions (Olivier et al., 2017).

Trend Shares in 2016

igatonnes CO, eg

Figure 2.2 Global greenhouse gas emissions, per country and region (Olivier et al., 2017).

Total anthropogenic GHG emissions follow a significant increasing trend year by year
and reveal different values depending on economic sectors and country income groups (see
Figure 2.3). In Figure 2.3(a), the pie chart shows direct GHG emission shares (in % of total
anthropogenic GHG emissions) of five major economic sectors in 2010 (Edenhofer et al.,
2014). Herein, the five major economic sectors and their percentages are electricity and heat
production (25%), agriculture, forestry and other land use (AFOLU) (24%), industry (21%),
transport (14%), buildings (6.4%) and other energy (9.6%) (Edenhofer et al., 2014).
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The bar chart in Figure 2.3(b) illustrates the total anthropogenic GHG emissions by five
main economic sectors and country income groups in three typical years of 1970, 1990 and
2010 (Edenhofer et al., 2014). There are five types of country income groups consisting of
bunkers, low income, lower mid income, upper mid income, and high income (Edenhofer et
al.,2014). It is clear to notice that the huge number of GHG emissions derive from high income
and developed countries. In these countries, most emissions originate from the supply of energy
and electricity. In contrast, the total emissions of low-income countries are dominated by

AFOLU (Edenhofer et al., 2014, Ausubel et al., 2013).

Globally, CO,, CH4, N>O and F-gases are the crucial anthropogenic greenhouse gases. The
emitted majority source for COz is the combustion of fossil fuel. CO: can also be released from
direct anthropogenic impacts on forestry and other land use, for example, deforestation, land
clearing for agriculture, and soil degradation (EPA, 2018). Similarly, the reforestation,
improvement of soils, and other activities can extract CO; from the land to the environment
(EPA, 2018). Meanwhile, the emission of CH4 can be completed under the agricultural
activities, waste management, energy use, and biomass burning (EPA, 2018). For the emission
of N2O, it has been concerned by agricultural activities, the use of fertilizer and fossil fuel
combustion. Finally, fluorinated gases (F-gases) containing hydrofluorocarbons (HFCs),
perfluorocarbons (PFCs), and sulfur hexafluoride (SFs) originated from manufacturing

processes, refrigeration, and the use of various electrical products (EPA, 2018).
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Figure 2.3 Total anthropogenic GHG emissions (GtCO; eq/yr) by economic sectors and

country income groups (Edenhofer et al., 2014).




Based on the report of PBL Netherlands Environmental Assessment Agency 2017, in 2016,
among greenhouse gases, CO2 is a major and primary component with the contribution
percentage of 72%. Next percentage is attributed from CH4 (19%), N>O (6%) and F-gases (3%).
These numbers have been changed for each country but with the highest contribution
percentage, CO; is always the key factor in the total GHG emissions (Olivier et al., 2017). The

detailed data have been introduced in Figure 2.4.

Figure 2.4 Contribution to 2016 greenhouse gas emissions per emission category (Olivier et

al., 2017).

2.2 Carbon dioxide capture and storage (CCS)
2.2.1 Overview of Carbon capture and Storage

To address problems of climate change and reduce CO» emissions, solutions are completed
based on three basic options: decreasing energy intensity, decreasing carbon intensity, and
increasing the capture of CO> (Olajire, 2010). Specifically, various approaches have been

suggested: (1) improve energy effectiveness and promote energy conservation; (2) increase the
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utilization of low carbon fuels; (3) deploy renewable energy; (4) apply geoengineering

approaches; and (5) CO; capture and storage (Leung et al., 2014).

Figure 2.5 Various carbon capture, storage and utilization selections (Cu¢llar-Franca &

Azapagic, 2015).

It can be seen that although the use of energy alternatives such as wind, solar, and nuclear
energy or clean fuels can be considered as green energy, the application of these energies
remain levels of risks and cost and they also cannot satisfy our need of energy. Therefore,
carbon dioxide capture and storage has recently considered as the promising remedy, at least
as the effective short-term solution, to deal with climate change. CCS includes a group of
technologies consisting of CO» capture, separation, transport, storage, and monitoring (Figure
2.5). In term of CCS, there are two ways to reach the purpose of reducing CO> emissions. The
first one is accomplished upon the procedure of capturing of CO, from the industrial sources,
transforming to CO; pure form and finally pumping to the deep ocean for the long-term storage.
The second approach is to capture CO from the environment by improving natural biological

progressions that can separate CO: in plants, soils, and oceanic sediments (Benson & Orr,
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2008). According to technical and economic estimations, CCS could contribute 20% of CO»
emission reduction (Benson & Orr, 2008) and CCS open an optimistic prospect for reducing

COa.
2.2.2 Capture technologies

The CO; capture can be sorted into three options: post — conversation capture, pre —
conversation capture, and oxy — fuel combustion (shown in Figure 2.6). Post — combustion
capture is the method in which CO2 was captured from the waste gas stream after the fossil
fuel is burnt. Post — combustion technologies is preferred as the most mature and potential
scheme for retrofitting to existing power plants (Leung et al., 2014, Kenarsari et al., 2013,
Romeo ef al., 2008, Thiruvenkatachari et al., 2009). Since a CO; content in the combustion
flue gas is low (i.e. 7 — 14% for coal-fired and 4% for gas-fired) (Leung et al., 2014) and partial
pressure of CO, separation, it requires a huge amount of energy and high cost for capturing,
compressing, and enriching concentration of COz (>95.5%) to transport and storage. And also,
because the concentration of CO; in the flue gases emitting from the power plants is low, a

large size equipment and high capital cost are required (Olajire, 2010).

Pre — combustion capture applied new gasification technique to produce the easily burnable
gas and then sequester CO> before burning (Kenarsari et al., 2013). For coal, the gasification
process is carried out in a gasifier with sub-stoichiometric amounts of oxygen at the elevated
pressure of 30 — 70 atm in other to create a “synthesis gas” mixture of CO and H; (Gibbins &

Chalmers, 2008, Leung et al., 2014):

Gasification
Coal — CO + H,

The sync gas after producing is introduced to a catalytic reactor named “shift converter”, in

which CO creates with water to make CO; and H» (Olajire, 2010, Leung et al., 2014):

Water—gas shift
CO + H,0 CO, + H,

After that, the produced hydrogen is separated from CO2 and used as fuel. This procedure
can be utilized for Integrated Gasification Combined Cycle (IGCC) power plants using coal
(Leung et al., 2014). With the high concentration of CO2 (20 — 40%) and high CO; partial
pressure (about 10 bar) promote the separation easier and more cost-effective (Kenarsari et al.,

2013, Rubin et al., 2012).
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For biomass and natural gas, since they contain lots of CH4, can be reformed to the sync gas

as follow (Leung et al., 2014):

Reform
CH4+ H20 _— CO+ H2

However, the most drawbacks of pre — combustion capture are high capital costs (Olajire,

2010) and high costs for the shift reaction (Gibbins & Chalmers, 2008).

Figure 2.6 Carbon capture options (Cuéllar-Franca & Azapagic, 2015).

Oxygen-fuel combustion process actually modified post — combustion method which uses
pure O, instead of air, to burn fossil fuel. The combustion with O, will produce the flue gas
with high content of CO; (80 — 98% depend on used fuel) (Leung et al., 2014) and free-form
nitrogen, NO and NO; (Cuéllar-Franca & Azapagic, 2015). The high CO; concentration of over

80% will reduce the cost of compressing, transporting, and storing. Nevertheless, due to the
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high consumption of oxygen, it is expensive or needs to improve the advanced oxygen

separation to reduce the energy and cost requirements.
2.2.3 CO:z: separation techniques

Several technologies are existing for separation from the flue gas, including absorption,
adsorption, cryogenics, and membrane as depicted in Figure 2.7. The choice of the appropriate

technology relies strongly on the characteristics or properties of the exhausted gas and plant

(Olajire, 2010).
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Figure 2.7 Technology options for CO; separation (modified from (Olajire, 2010)).
2.2.3.1 Absorption

Absorption has well-established process in use of CO; capture for at least 60 years. The
selected solvents have to satisfy conditions: a high capacity of CO; absorption, high absorption
kinetics, negligible vapor pressure, high chemical and thermal stability, and non-hazard

(Ma'mun, 2005). There is two types of absorption: chemical and physical absorption.

Chemical absorption is recommended in use with the low to moderate CO; partial pressure
(Olajire, 2010). This technique relies on the acid-base neutralization reactions between acidic
CO; and alkaline solvents (Olajire, 2010). Normally, the flue gas containing CO is firstly

introduced from the bottom of the absorber and interactions counter-currently with CO»-lean
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absorbent entering from the top of absorber (Mondal et al., 2012, Leung et al., 2014). Next, the
CO;-rich solvent is fed to regenerator to recover solvent and CO; through a stripping or
regenerative process by heating and/or depressurization (Mondal et al., 2012, Leung ef al.,
2014). The operation pressure is around 1.0 bar and the temperature in the absorber of 40 — 60
°C and in the stripper of 120 — 140 °C (Yu et al., 2012). Some of typical chemical absorbents
are monoethanol amine (MEA), diethanol amine (DEA), N-methyldiethanolamine (MDEA),
2-amino 2-methyl 1-propanol (AMP), piperazine (PZ), NaOH, NH3, K.COs;, KOH, Na>CO:s.
Among these solvents, alkanolamines are extensively applied for CO, capture. The advantages
include high removal efficiency (more than 90%), quick reaction, and possibly commercialized
application. In contrast, many negatives — low CO> loading capacity, high corrosion rate for
the equipment, the degradation of amine by the presence of SO, NO,, HCI/HF, and O; in the
flue gas, creation of volatile compounds, and high energy consumption for regenerating — exist
when using amine solvent (Leung et al., 2014, Mondal et al., 2012, Olajire, 2010, Nik et al.,
2011). The alternative solvent for amine is ammonia. The aqueous ammonia scrubbing
technology can prevent the capacity, degradation, and corrosion problem. The energy
requirement for regeneration in this method is also lower than amine absorption. Furthermore,
the by-products of this technique are ammonium bicarbonate, ammonium nitrate, ammonium

sulfate which are used as fertilizer (Olajire, 2010).

For physical absorption, CO; is absorbed in an absorbent under a high pressure and a low
temperature according to Henry’s Law. The desorption is accomplished by reducing pressure
and enhancing temperature (Yu et al., 2012). Solvents in physical absorption are organic
solvents which can physically absorb CO> without chemical reactions. In physical absorption
process, CO» is removed from the inlet gas by the difference between the solubility of CO, and
that of other gases. Based on Henry’s Law, the solubility of a certain gas depends on this gas’s
partial pressure and the temperature. Therefore, higher CO: partial pressure and lower
temperature are, higher amount of CO2 molecules absorb in the solvents. Noticeably, because
in physical absorption, it does not happen chemical reaction and the absorption is only physical
interaction between gas and liquid, the interaction between CO» and the absorbent is weak
which provide circumstances to decrease the energy requirement for regeneration (Olajire,
2010). Selexol process is one of physical absorption technique. The Selexol process uses

dimethylether of polyethylene glycol as absorption solvent at 0 — 5 °C for selective or
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simultaneous removal of CO2 and H,S (Olajire, 2010). Methanol is a solvent of Rectisol
process. This process is normally carry out at — 30 to — 100°F and deal with the flue gas
containing sulfur and low quantities of ethane and heavier component (Yu et al., 2012, Weiss,
1988). Fluor process which uses propylen carbonate is favored for the feed gas with CO» partial
pressure of over 60 psi (Yu et al., 2012). Based on physical absorption, CO> can be captured
in the system with low energy requirement for regeneration (20% lower than chemical

absorption), low vapor pressure, low toxicity, and low corrosive rate (Songolzadeh et al.,

2014).
2.2.3.2 Water scrubbing

Water scrubbing is classified into physical absorption group where water is used as an
absorbent for dissolving CO». This method generally applies in upgrading biogas, landfill, and
natural gas. Biogas, landfill gas and natural gas typically contains CH4, CO, and the trace
amount of H>S, N>, H,O, NH3 and O, (Andriani et al., 2014, Petersson & Wellinger, 2009).
Upgrading is the process to improve the fuel standard which is in direct proportion to methane
content in such gases when removing unwanted components, especially CO2 and H»S. Because
H>S is poisonous and causes corrosion, it needs to pre-separate (Sun et al., 2015). The principle
of water scrubbing process is based on the approximately 25 times lower solubility of methane

in the comparison of CO; (Bauer et al., 2013).

The biogas containing mostly CHs and CO; are compressed and fed into the bottom of a
water scrubber column at high pressure of 1.0 — 2.0 MPa while high pressure water is added
from the top of the scrubber to attain a gas — liquid counter flow (Ryckebosch et al., 2011).
Due to much higher solubility, CO; dissolves into water while CHj still remain in gas phase.
However, since CO; has a low solubility in water, the high pressure of 1.0 — 2.0 MPa has to
remain in the water scrubbing process to enhance CO; dissolving rate. Besides, the scrubber
column needs to be equipped with random packing to enlarge the specific surface for gas-liquid
contact (Ryckebosch et al., 2011). Furthermore, the small value of CO, diffusivity in water
(0.138 cm?/s) reveals the CO> mass transfer from the gas phase into the water is very slow,
followed by a slow CO, absorption rate in water and long retention time of liquid phase
(Andriani ef al., 2014). To deal with this issue, a large column/absorption tower volume is

required (Andriani et al., 2014).
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Water scrubbing can be considered as the simplest process and the best option in term of
operation costs (Cozma et al., 2013, Andriani et al., 2014, Ofori-Boateng & Kwofie, 2009).
When water is used as solvent, based on the cost of water, the availability/possibility of other
alternative water source (i.e. water from a sewage treatment plant or seawater), it is available
to choose tween two options: (1) to regenerate by de-pressuring or stripping with air and recycle
water or (2) to use water only for once in a single pass system. Herein, with no chemical
utilization and no toxic by-products, water scrubbing is assessed to be a better option for the
environment when compared with other methods such as chemical scrubbing, cryogenic

separation, pressure swing adsorption, and membrane separation (Cozma et al., 2013).
2.2.3.3 Adsorption

Adsorption is the removal process by attaching one or few components on certain solid
phase. This process happens with the aid of intermolecular force between gases and solid
surface (Mondal et al., 2012). Adsorption capture technology requires to select and develop an
adsorbent owning characteristics including low cost raw materials, low heat capacity, high CO,
adsorption capacity, high CO: selectivity, quick adsorption/desorption kinetics, and good
thermal chemical and mechanical stabilities under extensive cycling (Choi et al., 2009, Sayari
& Belmabkhout, 2010, Yu ef al., 2012). Similar to absorption separation, the CO» adsorbents

place into two main groups: physical and chemical adsorbents.

The popular physical adsorbents are carbonaceous adsorbents (such as activated carbon),
zeolites, and metal-organic frameworks (MOFs). Due to several advantages — low cost, huge
amount availability, high thermal stability, and low moisture sensitivity — activated carbon
have full-growth in micro- and mesoporosities that are suitable for industrial and technological-
scale (Olajire, 2010, Yu et al., 2012). In order to enhance the CO» adsorption ability and
selectivity, it needs to increase surface area and pore structure of the carbonaceous material or
to enhance the alkalinity via the chemical modification on surface of materials (Yu et al., 2012).
Yet, the selectivity CO2/N> of activated carbon is relatively low. Meanwhile, that value of
zeolite is 5 — 10 times more than carbonaceous materials (Songolzadeh et al., 2014). The
adsorption capacity of zeolites strongly depends on their size, charge density, and chemical
composition of cations in their porous structures (Wang et al., 2011). A new adsorbent which

attracts numerous interests is metal-organic frameworks (MOFs) which are crystalline with
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two- or three-dimensional porous structures (Songolzadeh et al., 2014). This material posses
high surface area, controllable pore structures, and tunable pore surface properties which is
enabled to tune by adjusting the metallic clusters or the organic ligands (Yu et al., 2012).

However, the application of MOFs needs more practical.

Chemical adsorption is motivated by a chemical reaction happening at the exposed surface
(Songolzadeh et al., 2014). The interaction or reaction between acidic CO2 molecules and
modified principally active sites on the surface enables CO, adsorption via the production of
covalent bonding (Yu et al, 2012). The chemical adsorbents categories into many groups:
metal oxide (CaO, MgO), metal salts from alkali metal (Li2ZrOs, Li14Si04), hydrotalcites and
double salts, and organics (amine-based adsorbents) (Martunus et al., 2012, Yu et al., 2012).
For the type of metal oxide, CaO is used widely due to its high CO2 adsorption capacity, high
raw material availability, and low cost. The adsorption process by metal oxide contains many
cycles consisting of transforming metal oxide to metal carbonates at 923 K, regenerating
sorbent in carbonation reactor at 1123 K, and concentrating CO» to storage (Dou ef al., 2010,
Kotyczka-Moranska et al., 2012). The adsorption reaction of CO: by lithium zirconate
(L12Zr03) is reversible at 723 — 863 K with the capacity of 4.85 mol CO»/kg sorbent (Olajire,
2010, Songolzadeh et al., 2014, Yang et al., 2008). Comparing to lithium zirconate, lithium
silicate (Li4Si0O4) can adsorb CO; with a larger capacity of 8.2 mol CO»/kg sorbent at 993 K
(Yang et al., 2008).

The main benefits of the adsorption method are no by-product such as wastewater and low
energy. The drawbacks of this method are low CO» selectivity and capacity of materials, lower
removal capacity when comparing to absorption and cryogenics method, and requirements for

generation and reusability of sorbents (Mondal ef al., 2012).

The adsorbent generation process is essential and compulsive in the adsorption systems.
Four main generation strategies are pressure swing adsorption (PSA), temperature swing
adsorption (TSA), vacuum swing adsorption (VSA), and electric swing adsorption (ESA). In
PSA, the feed gas enters the packed bed at elevated pressure and low temperature until the
adsorption of CO» achieves equilibrium conditions at the exit (Mondal et al., 2012). Stopping
the flow of feed gas, depressurizing and elutriating the adsorbed components with a gas owning

low absorptivity can regenerate the beds (Mondal et al., 2012). In TSA, the regeneration is
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operated by rising system temperature with hot air and steam (120 — 135 °C). The regeneration
time of TSA is longer than PSA but the CO» recovery of TSA is more than 95% while that of
PSA is more than 80% (Leung et al., 2014). VSA is preferred as special PSA with the
regeneration takes place at lower atmospheric pressure. The ESA uses a low voltage electric
current to regenerate sorbents. In ESA, heat is regenerated by the Joule effect. ESA can be
concerned more cost-effective than PSA and TAS because of several benefits including less
heat demanded, fast heating rate, higher desorption kinetics and dynamics, and independent

control of gas and heat flowrates (An ef al., 2011, Yu et al., 2012).
2.2.3.4 Cryogenic distillation

CO; can be separated, condensed, and purified from the mixed gas through cryogenic
distillation method which uses fractional condensation and distillation technique at low
pressure 100 to —135 °C) and high pressure (100 — 200 atm) (Leung et al., 2014, Olajire,
2010). Herein, CO; recovered rate can get more than 90%. The innovated cryogenic CO2
capture using Stirling coolers which consisting of four processes — isothermal expansion,
cooling under a constant condition, isothermal compression, and heating under a constant
condition — can separate 96% CO; from the flue gas with 1.5 MJ/kg CO: energy consumption
(Song et al., 2012, Songolzadeh et al., 2014). With 1.8 MJ/kg CO, energy consumption
Another innovated cryogenic process for capturing CO> using dynamically operated packed
beds can recover 99% of CO; from an inlet gas owning 10 vol.% CO; and 1 vol.% H>O (Song
et al., 2012, Tuinier et al., 2011, Songolzadeh et al., 2014).

One advantage of cryogenic distillation is to recover CO; as liquid CO> which can be easily
piped or pumped to the injection site for enhanced oil and coal-bed methane recovery (Olajire,
2010). Because of no solvents and other components, this method is eco-friendly. The
cryogenic separation can be utilized for the industrial-scale application (Songolzadeh et al.,
2014). However, because the presence of SOx, NOx, and H>O in feed gas can lead to the
plugging by ice, dropping of pressure, corrosion, and fouling, it requires to firstly remove all
trace of water which means that increasing operation cost (Mondal et al., 2012). Another
limitation is high energy consumption to remain the refrigeration condition and high pressure
which also result in several operational issues (Songolzadeh et al., 2014, Shimekit & Mukhtar,

2012, Ravanchi et al., 2011, Lively et al., 2012).
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2.2.3.5 Membrane

Membrane capture is a novel method which applies selective membranes to separate
particular components from a feed gas (Olajire, 2010). Membranes are semi-permeable barriers
which can capture substances by various techniques (solution/diffusion, adsorption/diffusion,
molecular sieve, and ionic transport) (Olajire, 2010). Membranes can be made of various
materials such as organic (polymetric) and inorganic (carbon, zeolite, ceramic, or metallic) and
can be porous or non-porous (Mondal et al., 2012). The principle of membranes process is
divided into two major groups: gas separation and gas absorption. Gas separation is completed
under the mechanism of selective permeation of mixture components through the pores of the
membrane leading to one substance diffuses over the membrane quicker than others (Mondal
et al., 2012). Gas absorption membranes are hybrid systems consisting of microporous solid
membrane that supports for the contacting of gas and liquid (Babu, 2014). The CO; can diffuse
through the membrane and it is separated by the absorption into a liquid such as a amine. With
high efficient membrane, the CO» removal efficiency can reach 82% - 88% (Audus, 2000,
Gielen, 2003).

Membrane capture technology is a continuos, steady-state, clean, simple, and easy to scale
up process and ideal as an enery-saving method for CO; separation (Songolzadeh et al., 2014).
Other gains of this method are no generation energy required and no waste stream. On the other
hand, due to the fact that membrane capture cannot continuously achieve a high percentage of
separation, multiple stages, and recycling are obligatory (Olajire, 2010). Membrane process is
not suitable for high flow rate applications (Songolzadeh ef al., 2014). The stability of
membrane under high pressure or temperature and the sensitivity of SOx and NOx are also
essential concerns when applying menbrane capture. Operational issues including membrane

wetting, fouling, and plugging can occur (Gonzalez-Salazar, 2015).
2.2.4 CO: transport

Commercially, CCS requires an infrastructure for the transportation of trapped CO> from
the emitted point to storage sites or to CO» industrial utilization facilities. Pipelines are seen as
the most practical method for onshore transport of high quantities of CO» via long distances
(Leung et al.,2014, Svensson et al., 2004). In order to reach lower friction drop along a pipeline
per unit mass of CO,, COx is transported efficiently and economically in the dense phases such

24



as liquid and supercritical regime (Johnsen ef al., 2011, Witkowski ef al., 2015). Supercritical
form at which CO; exists as a fluid state is a favored condition for pipelining CO». The
supercritical state is held at or above CO; critical temperature (31.1 °C) and critical pressure
(72.9 atm) (Al-Marzouqi et al., 2007). Hence, the representative range of temperature and
pressure for a CO> pipeline are 85 — 150 bar and 13 — 44 °C, respectively to guarantee a stable
single-phase flow in the pipeline (Leung et al., 2014, Forbes et al., 2008). However, if CO>
stream contains impurities, the boundaries of pressure and temperature can be changed. The
presence of water concentration above 50 ppm can be the reason leading to the corrosion

problems due to the generation of carbonic acid inside the pipelines (Leung et al., 2014).

In case of employing pipeline for CO> transportation, it needs to concern about the effects
of corrosion and potential brittle fractures propagation — which can happen by the harsh cooling
due to the leakage of supercritical CO2 — on the pipelines’ integrity of long-term exposure to

CO; fluxes (Leung et al., 2014).
2.2.5 CO: storage

After capturing, CO; can be compressed, shipped/pipelined, pumped down, and stored in the
ground, ocean or as mineral carbonate (Metz et al., 2005, Li et al., 2013). Among these options,
CO; storage in geological formations including depleted oil and gas reservoirs, deep saline
aquifers, and coal bed formations (unmineable coal beds) has recently been a potential and
promising choice for storing the large quantities of CO2 (Van der Zwaan & Smekens, 2009,
Yang et al., 2010, Celia & Nordbotten, 2009) (Figure 2.8). Geological storage is operated by
the injection at the depths of over 1 km (Aydin et al., 2010). Temperature will be higher than
31 °C and pressures are more than 100 atm to give densities of the order of 500 kg/m? (Gibbins
& Chalmers, 2008, Aydin et al., 2010). A typical geological storage site can store numerous
tens of million tonnes of trapped CO: by diverse physical and chemical methods (Doughty,
2006, Leung et al., 2014).

The geological formations happen in the basins occupied by sedimentary rocks which
contain the alternating layer of sand, silt, clay, carbonate, and evaporates. Herein, the sand
layers supply storage space while silt, clay, and evaporate layers equip the covers above the
storage reservoir which can trap the oil, natural gas, and CO; for millions of years (Benson &
Orr, 2008). The critical factors and requirements for choosing CO» geological storage site are
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suitable porosity, thickness, and permeability of reservoir rock, a cap rock with good sealing
ability , a stable geological environment, distance from the CO; source, potential leakage and

economic matters (Leung ef al., 2014, Solomon et al., 2008, Bachu, 2000).

The primary apprehension of CO; storage is the potential of leakage and the related damages
which happen if a concentrated CO, stream escapes to the environment (Cuéllar-Franca &
Azapagic, 2015). Based on the statistics, annual leakage rates fluctuate from 0.00001% to 1%
up to the structure of geological formations and others (Metz et al., 2005, Singh et al., 2011,
Pehnt & Henkel, 2009).

Figure 2.8 Options for storing CO; in deep underground geological formation (Metz et al.,

2005, Cook, 1999).
2.2.6 CO:g: utilization

Beside CO; storage, CO> utilization can be seen as the potential and commercial solution
which can support to accomplish CCS in the large scale. CO> can be applied widely in food
industry, enhanced oil recovery (EOR), chemicals, and fuels conversion, mineral carbonation,

biofuels, and biomass production and etc.
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2.2.6.1 Direct utilization of CO:

In the food and beverage industry, CO: is normally used as a carbonating agent, preservative,
packing gas, solvent for the extraction of flavors and in the decaffeination process (Cuéllar-
Franca & Azapagic, 2015). CO: is an essential agent for synthetizing respiration stimulant and
is an intermediate in the synthesis of drugs in pharmaceutical industry (Yu et al., 2008). Other
applications can be seen in the production of refrigerants, fire extinguishing, dry ice, fertilizer,

ammonia and urea.
2.2.6.2 Conversion of CO: into chemicals and fuels

The conversion of CO; into chemicals and fuels is one of the interesting options for CO»
utilization. CO> molecules can be utilized as a precursor for organic compounds, for example,
acrylates, carbonates, or polymers in carboxylation reactions. By the reduction reactions to
break C=0 bonds, methane, methanol, sync gas, urea, and formic acids can be created from
CO2 (Yuet al., 2008, Styring et al., 2011). For example, methanol production can be achieved
by the catalytic hydrogenative conversion of CO; with hydrogen (Rahman et al., 2017). The
common catalysts are metals and their oxides especially the combination of copper and zinc

oxide (Nitta et al., 1994, Rahman et al., 2017). The reaction is:
COZ + 3H2 g CH30H + HzO
2.2.6.3 Mineral carbonation

Mineral carbonation is the process that CO> undergoes a chemical reaction with a metal
oxide (commonly magnesium oxide or calcium oxide) to create carbonates (Metz et al., 2005,
Li et al., 2013). Mineral carbonation includes several reactions which can occur in a single
(direct carbonation) or a multi-step (indirect carbonation) process (Cuéllar-Franca & Azapagic,
2015, Metz et al., 2005). With the single step process, the extraction of metal from the mineral
compounds and the carbonate precipitation happens concurrently in the same reactor (Cuéllar-
Franca & Azapagic, 2015). Meanwhile, the process in indirect carbonation composes of three
reactions (Metz et al., 2005, Khoo et al., 2011). The first step is to separate metal from the
minerals with the aid of an extracting agent such as hydrochloric acids or molten salts (Cuéllar-
Franca & Azapagic, 2015). Next step is to transform metal into the hydroxide form by many

hydration reactions. At the final step, the captured CO; reacts with metal in hydroxide form to
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get a carbonates (Cuéllar-Franca & Azapagic, 2015). The significant achievement of mineral
carbonation is the formation of stable carbonates which enable to store CO2 for several years
without the threat of CO, leakage (Cuéllar-Franca & Azapagic, 2015) or to use for other

purposes.
2.2.6.4 Enhanced oil and coal-bed methane recovery

It cannot deny that enhanced oil recovery (EOR) and coal-bed methane recovery (ECBM)
are promising applications in term of increasing CO> utilization. In EOR, because CO; is
injected into depleted oil/gas reservoirs, CO; pressure can be increased and the driving force
to extract crude oil and gases can be provided (Leung et al, 2014). EOR can reach the
extraction productivity for available crude oil in the well of 30 — 60% compared to primary and
secondary extraction which recover 20 — 40% (Cuéllar-Franca & Azapagic, 2015). Similarly,
in ECBM, the recovery of trapped methane in the porous structure of coal seams can be

accomplished by the injection of CO; into the deep coal beds (Leung et al., 2014).
2.2.6.5 Microalgae

The new approach for CO; utilization is the use of captured CO; or CO; in the flue gas to
cultivate microalgae which can use to produce biofuels and biomass (Brennan & Owende,
2010, Li et al., 2008, Singh & Ahluwalia, 2013). Because microalgae use CO; as a carbon
source, without the supply of CO», they cannot grow up (Klinthong et al., 2015). The usage of
microalgae for CO> consumption has many advantages because the CO, fixation efficiency of
microalgae and cyanobacteria is 10 — 50 times better than terrestrial plants (Costa et al., 2000,
Usui & Ikenouchi, 1997) and their biomass can also be utilized as feedstock for various
biofuels, medications, cosmetic, food for humans, and livestock (de Morais & Costa, 2007, Ho
et al., 2011, Singh & Ahluwalia, 2013). Generally, using microalgae to consume and fix CO;
provide an extremely promising tool to not only mitigate CO; but also utilize CO» for
generating numerous value product especially biofuels which are the alternative option for

energy supply (Figure 2.9).
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Figure 2.9 A flow-chart of microalgae system for combined biofuels production, CO; bio-

mitigation, and N/P removal from wastewater (Wang et al., 2008).

2.3  Potential application of microbubble and liquid/water-film in the removal of

carbon dioxide using water scrubbing
2.3.1 Characteristics of microbubble

Microbubble (MB) is defined as a fine bubble with the diameter being less than 100 um
(Tabei et al., 2007, Parmar & Majumder, 2014) and usually 10 — 50 um (Agarwal et al., 2011,
Takahashi et al., 2007). Microbubbles have three main components including gas phase, shell
and liquid/aqueous phase (Bredwell & Worden, 1998, Parmar & Majumder, 2013) as shown
in Figure 2.10. The gas phase contains a single gas or combination of gases which is used to
create the differences in partial pressure and gas osmotic pressure stabilizing the bubbles
(Parmar & Majumder, 2013). Between the gas phase and the surrounding bulk liquid phase is
a surfactant-stabilized shell of water which existed as the liquid film surrounding the gas phase
(Bredwell & Worden, 1998). The surfactant molecules attach an electric double layer to reduce
bubble coalescence by electrical repulsion of adjacent bubbles (Bredwell & Worden, 1998).
Hence, microbubbles exhibit colloidal properties. The elasticity of shell material has a vital

role in increasing the residence time of bubbles in liquid phase (Parmar & Majumder, 2013).
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Figure 2.10 Schematic structure of microbubble (Bredwell & Worden, 1998).

The differential behaviors of various types of bubble in a bulk-liquid medium are depicted
in Figure 2.11. The reason for making MBs differing from the ordinary bubbles is that MBs
can shrink their size is below a critical value (Xu et al., 2008). The increasing of internal
pressure leads to the shrinking of MBs. According to Young-Laplace equation for the
difference between the external and internal pressure of a bubble AP = 2y/r (where AP is the
pressure difference, y is the surface tension and R is the radius of a bubble), the internal pressure
of bubble increases with a decreasing of bubble size (Xu et al., 2008). The increasing of
pressure is the reason for the dispersion of entrapped gases from a high-pressure region
(internal bubble) to a low-pressure region (surrounding environment) (Xu et al., 2008).
Generally, as a consequence of decreasing bubble size and increasing internal pressure, bubbles
shrink faster, burst into liquid bulk and finally disappear, followed by high mass transfer rate
of gas and liquid. This process means that the entrapped gases diffuse out of the MBs and
dissolve into outside liquid phase (Xu et al., 2008).
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Figure 2.11 The behaviors of macro, micro and nanobubbles in water (Agarwal et al., 2011).

As shown in Figure 2.12, comparing to the conventional large bubbles (macrobubbles),
microbubbles present many attractive characteristics such as a much higher surface area-to-
volume ratio (Xu et al., 2008, Ushikubo et al., 2010), or higher mass transfer rate (Parmar &
Majumder, 2014) which can improve the application of MBs in many fields. In general, the
important advantages of MBs are small buoyancy rate, slow rising speed, reduced frictional
resistance, high inertial pressure of bubble, large gas-liquid interfacial area and long residence
time (Parmar & Majumder, 2013, Xu et al., 2008, Temesgen et al., 2017). These properties
improve the mass transfer efficiency, gas dissolution rate and gas dissolving concentration,
hence, MBs is applied widely in supplying oxygen for aeration systems (aquaculture,
hydroponic cultivation, aerobic fermentation, and aerobic treatment plants) (Weber &
Agblevor, 2005, Hensirisak ef al., 2002, Park & Kurata, 2009) and in disinfection (Sumikura
et al., 2007, Zhang et al., 2013). Furthermore, the negative zeta potential of MBs in a solution
is a significant property which defines the interaction between bubbles and other materials such
as oil droplets and solid particles (Parmar & Majumder, 2013). Therefore, MBs are also utilized
for water treatment by flotation (Bui et al., 2015, Van Le et al., 2013).
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Bubble Diameter (pm)

Figure 2.12 The major properties of bubbles according to bubble sizes (Temesgen et al., 2017).
2.3.2 Characteristics of liquid-film

Liquid-film is actually an ultrathin layer of fluid film wrapping around the bulk of one gas
or a combination of gases. The presence of liquid-films in the liquid phase can enlarge
noticeable the effective interfacial contact area and mass transfer between gas and liquid phase
(Imai & Zhu, 2011). The total transfer of gas in liquid phase comprises of bubble transfer and
surface transfer. Normally, when taking oxygen as an example, bubble transfer occupies two-
thirds of total oxygen transfer while surface transfer only contribute the rest of portion (Zhu et
al., 2007b). To deal with this issue, liquid-film is usually used to enhance the bubble mass

transfer, particularly surface transfer.

Distinguishing to conventional system with ordinary bubble, in liquid-film system, the
improvement of gas transfer and gas dissolution is achieved through the dual-fold gas
provisions (see Figure 2.13). The driving force of mass transfer across gas bubbles is the partial
pressure gradients between the inside bubble and the neighboring environment outside (Zhu et
al., 2007b). In case of this, with liquid-film, the transfer of gas such as O,, CO2 or N> can
simultaneously occur through two sides of the thin liquid-film which are across the inner
interface (gas bubble and liquid-film) and across the outer interface (surrounding area and

liquid-film) (Zhu et al., 2007b, Imai & Zhu, 2011, Zhu et al., 2007a). As a result of this, the
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boundary and interfacial area between gas and liquid phase enlarge for several times which

finally enhance dramatically the gas transfer efficiency and gas dissolution rate.

Figure 2.13 Schematic diagram of (a) conventional bubbles and (b) liquid-films.

The application of liquid-film-forming apparatus in the diffused aeration system can
improve not only the oxygen transfer for 5.3 times higher but also total volumetric mass transfer
coefficient by 37% in the comparison with conventional aeration system (Zhu et al., 2007a).
Jamnongwong and his group concluded that the mechanism of oxygen transfer in liquid-film-
forming apparatus can be divided into 4 categories: (1) Conventional mechanism (O transfers
from the generated bubble outside the cone of liquid-film-forming apparatus), (2) Bubble
collection mechanism (O; transfers from the packed bubble inside the cone of liquid-film-
forming apparatus), (3) Bubble recirculation mechanism (O: transfers from the movement of
packed bubbles into the liquid phase) and (4) Bubble-liquid foam mechanism (O transfers
from the generated foam at the liquid surface) (Jamnongwong et al., 2016). This group also
reported that the volumetric mass transfer coefficient of the aeration system with liquid-film-
forming apparatus are higher than that of the conventional system and the volumetric mass
transfer coefficient can be increased 11 — 37% based on the generated bubble size

(Jamnongwong et al., 2016).
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2.3.3 Water scrubbing advanced with the generation of microbubble and liquid-

film/water-film in the removal of carbon dioxide

As discussed in section 2.2.3.2, it is clear to conclude that water scrubbing is the method
that shows the most cost-effective and friendly to the environment since comparing to other
methods such as chemical absorption, cryogenics or membrane. Furthermore, due to water used
as an absorbent, it provides a simple and promising approach for utilizing CO, for other
industrial- or lab-scale application and for storing CO,. Because water is absorbed solvent, the
drainage effluent is CO;-rich water which can directly or indirectly use for cultivating
microalga to produce biofuels and biomass and mineral carbonating. The interaction between

CO2 and water also is weak so CO» can be recovered in the manner of saving cost and energy.

However, some serious drawbacks about operation and effectiveness of this method make
this method become lack of practicability. Ofori-Boateng and Kwofie reported that in a packed
bed scrubber, 92% of the available CO; in the biogas containing 55 — 65% methane was
absorbed when the raw biogas was compressed at 1.0 MPa and water were sprayed into the
absorption tower at 1.3 MPa (Ofori-Boateng & Kwofie, 2009). Water scrubbing was used to
remove CO; and upgrade a landfill gas consisting of 53.2% CHas, 40.8% CO2, 0.4% O, and
4.9% N> in the pilot-scale upgrading facility including absorption column (500L, 185 cm in
height and 60 cm in diameter), desorption column (500L, 155 cm in height and 65 cm in
diameter) and water tank (500 L) (Rasi et al., 2008). The absorption tower and desorption tower
were packed with pall-rings (4 x 4cm) in order to enlarge the interaction surface between two
phases gas and water (Rasi et al., 2008). The results showed that CO, removal efficiency was
about 90.0% at the pressure of 30 bar (3.0 MPa), water flow rate 10 Lmin! and gas flow rate
of 50 Lmin! (Rasi et al., 2008). The landfill gas comprising 50.8 — 57.9% CHa, and 37.8 —
43.6% CO»> was upgraded by using water absorption in the nearly same absorption system in
which water was recycled back to the process after desorption (Léanteld ef al., 2012). The
investigation of CO; at differential pressure presented that the CO» removal rates at water flow
rate of 11 Lmin-1, gas flow rate of 7.41 Nm*h! and water temperature of 10 — 15 °C was 85.8%
at 20 bar (2.0 MPa), 87.0% at 23 bar (2.3 MPa) and 88.9% at 25 bar (2.5 MPa) (Lénteld et al.,
2012). Another research with the design — the absorption tower (50 mm in diameter and a total

effective height of 0.9 m) was packed with 0-type stainless steel rings (6 mm x 6 mm) and the
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desorption tower for regeneration (0.1 m in diameter and an effective height of 0.9 m) was
filled with polypropylene rings — presented that the removal of CO> could fluctuate between
24.4 — 94.2% at the conditions of pressure (0.8 — 1.2 MPa), inlet CO; content (25 — 45 %),
water flow rate/gas flow rate ratio (0.15 —0.5) and temperature (10 — 40 °C) (Xiao et al., 2014).

In general, the primary and important limitations of water washing is to require high pressure
and huge packed tower to remain the high mass transfer and interfacial area between CO» and
water. It means a high cost for capital and operational cost. The pressure in water scrubbing
normally set in the range of 1.0 — 2.0 MPa (Ryckebosch ef al., 2011). Not only requirement for
absorption pressure, but also high gas partial pressure is necessitated. Water scrubbing method
has just applied for the feed gas owing high CO» partial pressure. Hence, water scrubbing is
limited to use in pre-combustion or oxy-fuel combustion system and in upgrading fuel gas such
as biogas, natural gas or landfill gas. The utilization of microbubble- and liquid-film-forming
apparatus expresses several benefits to remedy this issue. Both types of gas bubbles prove that
they are innovated technologies to not only produce numerous boundary and interfacial contact
area but also stimulate mass transfer between two phases of gas and water (Bredwell &
Worden, 1998, Imai & Zhu, 2011, Jamnongwong et al., 2016, Zhu et al., 2007a, Sadatomi et
al., 2012). According to these properties, the generation of microbubbles and liquid-films in
the liquid bulk can improve a gas dissolution rate which leads to the fact that gas saturation
concentration can reach in short time with the saving of energy consumption and the low
pressure for compressing gas phase (Sadatomi et al., 2012, Jamnongwong et al., 2016,
Temesgen et al., 2017, Zhu et al., 2007b, Zhu et al., 2007a). Generally, it is expected that with
the aid of microbubbles and liquid-film generator, the innovated water scrubbing can remove
CO, effectively for every type of feed gas even though feed gas containing low CO; partial

pressure since low mode pressure is applied.
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CHAPTER 3

PERFORMANCE OF A CARBON DIOXIDE REMOVAL PROCESS USING A
WATER SCRUBBER WITH THE AID OF A WATER-FILM-FORMING-UNIT

3.1 Introduction

Greenhouse gases are commonly considered major contributors to global warming and
climate change, which can lead to several undesirable and long-lasting effects on the
environment and human beings, such as rising sea levels, frequent hurricanes, the spread of
tropical diseases, and extinction of several spices. Among greenhouse gases, carbon dioxide
(CO) 1s widely believed to be mostly responsible for global warming because of its great
abundance in the atmosphere, accounting for approximately 80% of worldwide greenhouse
gases (Sumida et al., 2011). Specifically, CO; is believed to contribute more than 60% to the
global warming effect (Mondal et al., 2012, Yu et al., 2012).

The combustion of fossil fuels is the major source of high concentrations of CO: in the
atmosphere. Despite the development of advanced technologies to identify alternative energy
sources and reduce CO> emissions, the world still relies on fossil fuels to satisty 80% of its
energy demands (Olah et al., 2008). From human activities, 24 Gt of atmospheric CO: is
emitted per year, and this number is predicted to increase continuously in the coming decades
(Mikkelsen et al., 2010). Table 3.1 shows typical CO, concentrations in the exhaust gas of
various sources. CO; removal could not only reduce CO emissions into the atmosphere but
also upgrade biogas or landfill gas to achieve high methane concentrations for use as a
renewable energy source and substitute for fossil fuels (Petersson & Wellinger, 2009). To
address this and mitigate the effects of global warming and climate change, there has been an

increased focus on controlling CO» emissions and removing CO> from exhausted gas.

Over the past several decades, absorption has become the most developed and practical
method for CO; sequestration on an industrial scale (Bhown & Freeman, 2011, Mondal ef al.,
2012, Olajire, 2010, Rahmandoost et al., 2014). There are two absorption methods, namely,
physical and chemical absorption. Chemical absorption using aqueous-amine or alkaline

solutions has been proposed as the most promising means of removing CO> from gas streams
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owing to its high absorption efficiency, simple operation, and potential to regenerate liquid
sorbents through heating and/or depressurization (Leung et al., 2014, Yu et al., 2012).
However, there are several limitations of this method: high corrosion rate, solvent loss,
production of volatile degradation compounds, and notably, the high cost and amount of energy
required for the regeneration of the solvent (Bhown & Freeman, 2011, Gonzalez-Salazar, 2015,
Leung et al., 2014, Mondal et al., 2012, Olajire, 2010, Yu et al., 2012). It is estimated that more
than half of the capture cost is utilized in sorbent regeneration (Chowdhury et al., 2011);
therefore, finding and using a solvent that can reduce the cost of regeneration is essential and

urgent. The use of a physical absorption process can solve these problems.

Table 3.1 Typical CO; content in exhausted gas

Source CO; content (vol. %)
a. Power plant flue gas
Coal-fired power plant 10 — 15 (Bhown & Freeman, 2011, Mondal
etal.,2012, Car et al., 2008)
Natural gas-fired power plant 7 —8 (Mondal et al., 2012, Car et al., 2008)
b. Industrial flue gas
Blast furnace gas (before combustion) 20 (Mondal et al., 2012, Car et al., 2008)
Blast furnace gas (after combustion) 27 (Mondal et al., 2012, Car et al., 2008)
Cement kiln off-gas 14 — 33 (Mondal et al., 2012, Car et al.,
2008)

Oil refineries and petrochemical plant fired 8 (Mondal et al., 2012, Car et al., 2008)
heater

c. Other
Biogas 15 — 60 (Ryckebosch et al., 2011)
Landfill gas 15 — 50 (Petersson & Wellinger, 2009)

Differing from chemical absorption, physical absorption is based on Henry’s Law, meaning
that it is temperature- and pressure-dependent and the removal of CO» depends on its solubility
in the liquid phase (Olajire, 2010). Common processes for this technique comprise the use of
dimethyl ether with polyethylene glycol, methanol, propylene carbonate, and N-methyl-2-
pyrollidone via the Selexol process, Rectisol process, Purisol process, or Fluor process,
respectively (Yu et al., 2012, Olajire, 2010). These processes do not require re-boiler heat for
solvent recovery and do not lead to corrosion, but they involve high costs for solvents or
refrigerating solvents (Olajire, 2010). For these reasons, using water as the physical sorbent is
an alternative approach with many potentially positive effects. For example, using tap water as

the solvent in a packed-column scrubber, Yong Xiao et al. were able to attain CO, removal
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rates of 24.4-94.2% under various conditions of pressure (0.8—1.2 MPa), initial CO
concentration (25-45%), liquid-to-gas ratio (0.15-0.5), and temperature (10—40°C) (Xiao et
al., 2014). Meanwhile, Lanteld et al. concluded that 53.1-88.9% of CO: could be removed
from landfill gas using water scrubbing at various pressures (2.0-2.5 MPa), temperatures (10—
25°C), and water flow rates (5.5-11.0 L min") (Lénteld et al., 2012). Because the water
scrubber method does not rely on chemical reactions, the interaction between CO» and water
1s weak, leading to a decreased energy requirement for the reversal of the combination of CO»
and water; therefore, water can be easily regenerated and reused in the removal process.
Moreover, absorption and desorption can be accomplished in water, resulting in greater
stability without undesirable byproducts and expanding the opportunities to use the effluent
water containing high CO, concentrations for other purposes, such as carbon source for the
cultivation of microalgae to produce biomass for the production of biofuels, medications, or
foods (Ho et al., 2011). Nevertheless, because this method is based on the physical solubility
of a gas in the liquid phase, the process is slow and has a low removal efficiency. To increase
the absorption rate, the process must be carried out at high pressures and low temperatures and,

consequently, high levels of energy are required.

To overcome these restrictions, it is necessary to promote mass transfer in a two-phase gas-
liquid flow, which increases the physical solubility of the gas (in this case, CO>) and then its
removal rate. Various studies have already demonstrated that the use of devices producing
water-films or fine bubbles can increase the mass transfer coefficient and gas solubility
remarkably because the interfacial area is greater in the presence of fine bubbles and a thin
water-films. Therefore, the interaction between gas molecules and liquids is enhanced, and the
absorption rate increases (Bang et al., 2014, Imai & Zhu, 2011, Kawahara et al., 2009, Parmar
& Majumder, 2013, 2014). Furthermore, compared with other scrubbers, such as packed-bed
or spray scrubbers, a simply constructed bubble-column scrubber can attain a higher removal
efficiency and mass transfer coefficient (Chen ef al., 2015, Cheng et al., 2013, Li et al., 2014).
Thus, utilizing such a scrubber along with a water-film enhanced with fine bubble-forming

device is the most promising means of accelerating CO: capture at a reasonable cost.

In the present water absorption study, a water-film-forming device which can generate large

quantities of water-film and fine bubbles was used to stimulate the dissolution of CO; in tap
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water and then promote the CO> removal process. In this study, the effect of numerous factors,
including pressure, temperature, gas flow rate, liquid-to-gas ratio, and initial CO;

concentration, on the removal and absorption rates of CO; is evaluated.

3.2 Materials and Methods

In this study, a pilot apparatus was used with the setup shown in Figure 3.1. The absorption
process was carried out in a reactor with a diameter of 220 mm and height of 160 mm. The
feed gases, which comprised a mixture of N> and CO;, were prepared using flow rate
controllers. The inlet compressed gas at the differential conditions of pressure (0.30, 050, and
0.70 MPa) was entered to flow rate controllers. This mixed gas (CO2 and N2) moved into the
water-film-forming device connected to the inside of the absorption tank after blending with
tap water pumped from the pump. Tap water was directly used as the once-through physical
absorbent without any purification. The absorption tank was designed to connect with the
water-film-forming device, which had an interior height of 170 mm and diameter of 80 mm
and produced a large number of fine bubbles and water-film to enhance the solubility of CO>

in water.

Internal device
pressure
"
. . - @ Exhausted gas
Gas regulator A= ¢

e |

Flow rate
controller

—p4—> Sample

arded line

Figure 3.1 Experimental apparatus used for CO; absorption.

The structure of the WFFU has been described in Figures 3.2(a) and 3.2(b). It consists of
two main parts: a fine-bubble generator (Part A) and an enhanced mixing and water film
generator (Part B) (Figure 3.2(a)). The mechanism in this device can provide three times
contacting between water and gas phase. First, the mixture of gas and water is introduced to
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the fine-bubble generator. The shape of the fine-bubble generator and high speed of water and
gas flow can create centripetal force inside the generator. The centripetal force forms the
reduction in pressure (negative pressure zone) in the central axis of the generator. The gas is
automatically pulled into this negative pressure zone; here, upon impact with the rotating flow,
numerous fine bubbles are produced and escape from exit 1 and exit 2 (see Figure 3.2(b) and
3.2(c)). Next, fine-bubbles which escape from exit 1 with extremely high speed impact on the
wall of water-film generator (Part B). This impact can stimulate the mixing of the gas and the
surrounding water and produces water films. Finally, when these water films and the fine
bubbles move from the water body to its surface, they remain in contact with the water phase,

enhancing the gas-bubble and surface transfer.

The experiments were conducted at varying gas supplying pressures, temperatures, gas flow
rates, and initial CO; concentrations. The internal device pressure is the pressure inside the
absorption tank while the experiments are being conducted. This pressure, along with the
volume and speed of the outlet water, varied with adjustments in the position of the blowdown
valve on the discarded water line (See Figure 3.1) For example, when the valve is adjusted to
the low position (a small hole at the exit), the internal pressure and speed of outlet water
increase while the output volume decreases. To investigate the impact of internal pressure, the
gas flow rate, water flow rate, gas compressed pressure, and temperature were kept at 20 L
min™!, 14 L min!, 0.50 MPa, and 20°C, respectively, while the internal pressure was set at two
different points, 0.06 and 0.10 MPa. Herein, three mixed inlet gases containing varying levels
of CO; were applied: gas G1 (15% CO: and 85% N2), gas G2 (25% CO: and 75% Nz), and gas
G3 (35% CO; and 65% N»).

The concentration of COz in the induced gas with N> was adjusted from 10% to 100% using
flow rate controllers to change the proportions of the two gases. Meanwhile, the G/Lratio was
controlled in the manner that the liquid flow rate was maintained at 14 L min™!, while the total
gas flow rate was adjusted from 5 to 25 L min™' (these values can be seen and controlled by
flow rate controllers). To determine the effects of temperature, the three gases were again
utilized as feed gases, while the temperature was adjusted from 10°C to 30°C, corresponding

to the normal range of temperatures in Japan throughout the year.
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Figure 3.2 (a) Structure of WFFU, (b) a fine-bubble generator (Part A) and (c) theory of
making fine-bubbles.

To evaluate the CO2 removal efficiency and absorption rate, the outlet gas at the exit
(exhaust gas valve) was collected and then analyzed using gas chromatography (GC-8APT,
Shimadzu). The CO; concentration in water was measured by a CO; meter (CGP-31, DKK-
TOA Co.). According to (Chen, 2012), the absorption rate can be calculated by the following
formula:

out

__ Fco, 1—xicrb2 Xco,
R = - [1 (xic%z )(1‘x83t2 3.1)
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where R (mol s'L™") is the absorption rate of CO» in the liquid phase; F¢o,(mol ) is the CO»
molar flow rate; V' (L) is the volume of liquid phase in the chamber; x(i;rbz is the molar fraction

of CO; at the inlet; and x2g} is the molar fraction of CO at the outlet.

3.3 Results and Discussion
3.3.1 Effect of internal pressure in the absorption tank

The influence of internal pressure in the absorption tank on the removal efficiency of CO2
is presented in Figure 3.3. At 0.06 MPa of pressure, the CO2 removal rates were 44.6%, 47.4%,
and 50.1% at 15%, 25%, and 35% initial CO» concentration, respectively. Meanwhile, at the
higher pressure of 0.10 MPa, CO; removal was more effective with all three of the feed gases.
Specifically, the CO; removal efficiency for gases Gi, G2, and G3 were 47.5%, 50.3%, and
51.2%, respectively. These results suggest that the increase in pressure in the chamber
improved CO» removal efficiency, in accordance with Henry’s law. According to Henry’s law,
the solubility of gas in water is the function of temperature and pressure (Olajire, 2010), and
pressure has a positive effect on the absorption of CO; in the aqueous phase, as shown in the
equation C; = Kp.p;, where p; is the partial pressure of gaseous substance i, Kz is Henry’s
constant (which depends on temperature and pressure), and C; is the concentration of the
dissolved gas i. Additionally, at a higher internal pressure corresponding with a lower volume
of outlet water and higher exit speed, the retention time of liquid in the tank was longer, and
the length of time that gas and water were in contact was prolonged. The resulting increased
turbulence of liquid inside the chamber, prompted tangency between two phases and
strengthened the potential for CO capture. This also explains how the accumulation of the
dissolution of CO» in water led to the escalation of absorption rate R (mol s"'L") with increasing
internal pressure due to the greater dissolution rate of CO; in water at higher pressure. For
instance, with the inlet mixed gas G, the absorption rate of CO, in the water was 17.5 x 10

and 18.3 x 10 mol s"'L"! at internal pressures of 0.06 and 0.10 MPa, respectively.

Accordingly, based on the data presented in Figure 3.3, the removal rate rose by around

3.0% when the internal pressure increased only 0.04 MPa, confirming that pressure was the
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crucial factor affecting the solubility of CO; in water and the removal efficiency of CO» from

the gas stream. Higher pressure in the absorption chamber was favorable for CO2 removal.

Removal efficiency 0.06 MPa B52410.10 MPa
Absorption rate —m 0.06 MPa —i— (.10 MPa
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Figure 3.3 CO; removal efficiency and absorption rate at different CO, concentrations of inlet
gas (G1, G2, and G3) under internal pressure conditions of 0.06 and 0.10 MPa. Water flow rate:
14 L min’'; total gas flow rate: 20 L min’'; total inlet gas supplying pressure: 0.50 MPa; and
temperature: 20°C.

3.3.2 Effect of inlet gas supplying pressure

The effect of induced gas pressure on the CO> removal and absorption rates is plotted in
Figure 3.4. Interestingly, with all three inlet gases (G1, G2, and G3), once the total gas flow rate
was set at 10 and 20 L min™!, the removal efficiency generally exhibited a slightly downward
trend as gas supplying pressure was adjusted from 0.30 to 0.50 MPa but increased again when
the gas supplying pressure was continuously increased to 0.70 MPa. Meanwhile, the absorption

rate spiked more than twice as gas supplying pressure was increased from 0.30 to 0.70 MPa.
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Figure 3.4 Removal efficiency and absorption rate of CO; at different compositions of inlet
gas under various total inlet gas supplying pressures. Water flow rate: 14 L min’!; internal
pressure: 0.06 MPa; and temperature: 20°C. (a) Total gas flow rate: 10 L min™!; (b) Total gas

flow rate: 20 L min™'.

Normally, similar to gas solubility, removal efficiency increases with gas pressure, as
dictated by Henry’s law. This may elucidate the reason for the surge of absorption rate with
gas supplying pressure in the range from 0.30 to 0.70 MPa. However, the removal rate at 0.30
MPa of gas supplying pressure in these experiments was greater than at 0.50 MPa. The effect
of gas supplying pressure on the absorption of CO; and the CO; removal capacity from the
stimulated gas is very complicated and governed by a combination of various factors and
phenomena. The joining and adjusting influences which are resulted by these phenomena
decide the trend of removal efficiency. With an increase of pressure, the theoretical solubility
of CO; in water increases. However, when the inlet gas at differential compressed pressure was
introduced to the WFFU in order to complete the contacting and mixing between two phases
of gas and liquid, some phenomena or some factors of the gas phase can be changed in the
WFFU and the absorption chamber. That might be the change in interfacial area of the fine
bubble, contacting area between two phases of gas and water or mixing capacity in the WFFU.
It is suggested that one or some of the phenomena could improve significantly the capture of

CO; at the condition of low pressure of 0.30 MPa. And also, it can be seen that, in term of
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removal efficiency, the removal efficiency underwent the minor change as an increase of gas
supplying pressure from 0.30 to 0.70 MPa. The good removal performance can be achieved at
both low (0.30 MPa) and high pressure (0.70 MPa) condition. This may subsequently allow
CO; to be dissolved in tap water at low inlet pressures and provide a means of reducing

operating energy and cost.
3.3.3 Effect of gas-to-liquid ratio

Gas flow rate and the ratio of the inlet gas flow rate to water flow rate (G/L) are important
parameters influencing the efficiency of CO» capture from the mixed gases. Figure 3.5(a)
presents the performance of different G/L ratios on the removal of CO; from the three gas
streams: Gi, G2 and Gs. As shown in Figure 3.5(a), the increase in gas flow rate from 5 to 25
L min"! (equivalent to a growth in G/L from 0.36 to 1.79) led to the notable abatement of the
CO; separation capability. More specifically, the removal rates at the flow rates of 10, 15, 20,
and 25 L min"! were 55.7%, 49.7%, 44.6%, and 38.2%, respectively, for inlet gas G. In the
same way, with the flow rate adjusted from 5 to 25 L min™', the removal rate experienced a
downward trend from 69.2% to 41.9% and from 73.7% to 46.3% at the initial CO;
concentrations of 25% and 35%, respectively. This effect of the different set values of the G/L
ratio can be primarily attributed to the change in the turbulence of the liquid and gas retention
times in the water-film-forming unit. Because of acceleration in the gas transfer rate, a larger
amount of CO» entered the device and reduced the contact time between the gas and aqueous
phases (Chai & Zhao, 2012, Lin & Chu, 2015, Xiao ef al., 2014). In addition, the increase in
gas flow rate and constant water flow rate contributed to an increase in the G/L ratio. This was
followed by a loss of the liquid turbulence in the chamber, impeding the contact between gas

and water. Accordingly, the removal efficiency of CO2 decrease with the increase of G/L ratio.

Conversely, at higher initial CO, volume, greater amounts of CO, made contact with each
unit volume of the liquid phase; thus, the absorption rate increased noticeably, as shown in
Figure 3.5(b). However, the rise in the absorption rate occurred at different speeds at various
concentrations of CO,. After the flow rate was adjusted from 10 to 25 L min™!, the absorption
rate slightly increased from 7.0 x 10 to 9.8 x 10 mol s”'L"! with an initial CO, concentration
of 15% (G1). Meanwhile, with this same change in flow rate, the speed of CO2 absorption
surged dramatically from 7.5 x 10 to 18.1 x 10* mol s'L! and from 10.7 x 10 to 27.4 x 10
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* mol s”'L! for inlet gases G» and Gs, respectively. It was also confirmed that the absorption
rate surged more rapidly when the amount of CO; moved into the bubble tank was increased.
Consequently, although a decrease in gas flow rate along with a decline in the G/L ratio was
expected to improve the CO, removal capacity, it instead led to the decline of the absorption
level. This would make the application of this capturing process may not satisfy the
requirement of polluted gas treatment speed in a larger scale of removing CO; from flue gas.
Note that in selecting a suitable G/L ratio, it is recommended that the demand and requirements
of the CO» separating process be considered.
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Figure 3.5 (a) Removal efficiency of CO> at different compositions of inlet gas with a changing
G/L ratio. (b) Absorption rate of CO; and pH of outlet water at different compositions of inlet
gas with a changing G/L ratio. Water flow rate: 14 L min™!; internal device pressure: 0.06 MPa;

total inlet gas supplying pressure: 0.50 MPa; and temperature: 20°C.
3.3.4 Effect of CO: partial pressure and initial CO2 concentration

Due to normal variations in CO2 concentration in the exhaust gas (Table 3.1), the effect of
the inlet gas CO, concentration on the removal efficiency was examined within a range of 10—
100% (equivalent to a CO; partial pressure range of 0.05—0.50 MPa). The proportion of CO;
in the mixed gas with N> was adjusted by changing the flow rate ratio between CO; and No.
The degree of CO, removal increased continuously from 50.1% to 97.8% at a gas flow rate of
15 L min™! and from 41.9% to 93.5% at a gas flow rate of 20 L min™' as the CO; partial pressure
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increased from 0.05 to 0.50 MPa (Figure 3.6(a)). In contrast, the pH decreased from 6.0 to 5.0
under both total gas flow rates (15 and 20 L min™'), suggesting that increasing the CO> partial
pressure as increasing the inlet CO2 concentration in the inlet mixed gas accelerated the
dissolution of CO» in water. These results demonstrate that the variation in CO; partial pressure
was related strongly and proportionally to the CO; absorption ability and removal rate in the
liquid phase. This process was described by Henry’s Law, in that the gas partial pressure
directly affected the gas dissolution rate. When the gas partial pressure increased, the
concentration of the gas phase increased, leading to a reduction in the resistance between the
two-phase liquid and gas and enable for CO; to dissolve greatly into water. In general, an
increase in partial pressure quickly accelerated the dissolution of CO: in water, followed by an
increase in removal efficiency. Moreover, higher inlet CO> gas partial pressures resulted in
higher initial CO; concentrations; therefore, the CO, removal efficiency results indicated that
the potential for CO, molecules to pass through the gas bulk to the gas-liquid interface

increased with higher initial CO; concentrations in the gas mixture.

A similar trend was observed in the response of the CO, absorption rate. This rate increased
from 6.0 x 10 to approximately 35.0 x 10 mol s'L"! when the CO, partial pressure increased
from 0.05 to 0.50 MPa and the CO; proportion in the inlet gas increased from 10% to 100%.
(Figure 3.6(b)). At higher initial CO; concentrations, the partial pressure was accelerated,

enhancing the solubility of CO> in water.
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Figure 3.6 Removal efficiency of CO,, (b) absorption rate of CO», and (c) pH of the absorbed
water at different initial CO> partial pressures with a total gas flow rate of 15 L min™!' and 20 L
min’!, Water flow rate: 14 L min’!; internal device pressure: 0.06 MPa; total inlet gas supplying

pressure: 0.50 MPa; and temperature: 20°C.
3.3.5 Effect of temperature

Figure 3.7 depicts the CO; removal ability and absorption rate at numerous temperatures.
At the condition of a gas flow rate of 20 L min™! and a gas supplying pressure of 0.50 MPa, the
removal rate exhibited a noticeable drop from around 65.0% to 30.0% as the temperature
increased from 10°C to 30°C. Similarly, with the same change in temperature, the absorption
rate dropped from 12.8 x 10 to 7.5 x 10* mol s"'L"! for inlet gas G, from 21.9 x 10 to 13.7
x 10* mol s"'L"! for gas G, and from 31.3 x 10™* to 20.4 x 10* mol s”'L"! for gas Gs. Because
the absorption of CO; in water is a physical process, the CO; solubility in water is temperature-

and pressure-dependent, as described by Henry’s law. Based on this, as pressure and inlet gas
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composition remained constant, increasing temperature had an adverse effect on removal
efficiency and the absorption capacity (Carroll et al., 1991, Murray & Riley, 1971, Weiss,
1974). Temperature additionally acted upon the bubble diameter, rise velocity, and gas holdup.
Increasing temperature was responsible for the enhancement of the bubble rising velocity (Van
Le et al., 2013). It is widely accepted that the gas holdup and total bubble surface area decline
with a surge in temperature (Pérez-Garibay et al., 2012). Because of these properties,
increasing temperature restrains the dissolution rate of CO», and in this experiment, lower

temperature in the chamber provided optimal conditions for the sequestration of CO» from the

feed gases.
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Figure 3.7 Removal efficiency and absorption rate of CO; in water at different gas
compositions: (a) 15% CO2—85% Na, (b) 25% CO2—75% N>, and (c) 35% CO2—65% N,. Total
gas flow rate: 20 L min’!; water flow rate: 14 L min’!; internal device pressure: 0.06 MPa; total

inlet gas supplying pressure: 0.50 MPa.
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3.4 Conclusions

For the physical absorption of CO, with tap water used as the solvent, an apparatus that
could intensify the mass transfer between a two-phase liquid and gas via the generation of
water-film as well as fine bubbles was employed to reduce the levels of CO> in the exhaust
gases. The effect of various operating factors on the removal efficiency and absorption rate of
CO:; in water was established in this study. At a gas supplying pressure of 0.50 MPa and
temperature of 20°C and with CO; concentrations in the mixed gas fluctuating from 15% to
35%, removal efficiency increased from 38.2 to 73.7% when the G/L ratio also reduced from
1.79 to 0.36 in accordance with gas flow rate decreasing from 25 to 5 L min™'. Meanwhile,
under the same conditions of gas supplying pressure, temperature, and gas flow rate range, the
absorption rate decreased from 27.4 x 10 to 10.7 x 10 mol s'L"! when using the mixed gas
comprising 35% CO; and 65% N». Temperature also played an essential role in improving the
removal rates since the removal rate grew from 30.0% to 65.0% with the drop of temperature
from 30°C to 10°C at the gas supplying pressure of 0.50 MPa, 1.43 of G/L ratio and with the
range from 15% to 35% of CO: in the feed gas.

According to the experimental results, the optimum conditions comprise a high internal
pressure in the chamber, 0.30 MPa of total gas supplying pressure, high inlet gas CO>
concentration, and low temperature. However, although a low G/L ratio can lead to high
efficacy of CO, removal, it reduces the absorption rate, corresponding to a low rate of CO>
absorption from a large quantity of exhaust gas; therefore, it lowers the performance of the
absorption process and limits the application of this procedure at the industrial scale. To resolve
this issue, a suitable G/L ratio should be carefully considered and selected in order to not only
meet the standard requirement of removal efficiency but also reach an acceptable absorption
rate to treat a huge amount of industrial released gas. Another solution for this, which will be
addressed in further research, is to develop the design of water-film-forming-unit as well as the
apparatus, for example, increasing the number of the water-film generators inside the

apparatus, with an aim to obtain high removal rates at high G/L ratios.
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CHAPTER 4

RESPONSE SURFACE METHOD FOR MODELING THE REMOVAL OF CARBON
DIOXIDE FROM A SIMULATED GAS USING WATER ABSORPTION ENHANCED
WITH A WATER-FILM-FORMING-UNIT

4.1 Introduction

With the rapid growth of commerce and modern civilization, the world has ever-increasing
energy demands that result in large CO» emissions. The atmospheric concentration of CO; has
increased more than 40% since the beginning of the industrial revolution (270—400 ppmV) and
has been rising annually by 2 ppmV (Moreira & Pires, 2016, Singh & Ahluwalia, 2013). With
industrial activities such as fossil fuel burning and industrial production, 30 billion tons of CO»
are released to the atmosphere each year (Moreira & Pires, 2016, Li et al., 2013). In addition,
according to the International Panel on Climate Change (IPCC), the atmospheric CO>
concentration is predicted to increase to 936 ppmV before 2100 and lead to a rise in the mean
global temperature of approximately 1.0-3.0 °C (Chou, 2013, Lee et al., 2012). Therefore, the
removal of CO: from the atmosphere has recently become an urgent issue that has gained global

attention, in order to mitigate global warming and the subsequent negative consequences.

Absorption is the most widely used method to capture CO> from gas streams because it is
a well-established technique that has been in use for nearly 60 years (Babu, 2014, Rao & Rubin,
2002). The main principle of this method is to transfer one or more substances from a gas
stream into a liquid phase through the vapor—liquid phase boundary. There are two main types
of absorption processes: physical absorption and chemical absorption. This classification is
based on whether or not a chemical reaction occurs after the dissolution of substances into a
liquid absorbent (Aresta, 2013). In this research, it focuses on the application of water
scrubbing — classified as physical absorption — on the removal of CO». In contrast to chemical
absorption, the operation of physical absorption is based on Henry’s Law, which implies that
the absorption process is temperature and pressure dependent and the removal of CO» depends
on its solubility in the liquid phase (Olajire, 2010). Water absorption is one of the most popular
processes for physical absorption. The fundamental principle of this method relies on the

solubility of CO; in water. The separation of CO; from a gas stream occurs due to the difference
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in the solubility between CO» and other gases. CO> is more soluble in water than other gases,
such as N, O», H, and CHs (Weiss, 1974). As a consequence, it can be absorbed in water more
easily and thus removed from the feed streams. Through this method, absorption and desorption
can be accomplished using water, which results in lower cost (for solvents and regeneration)
and higher stability, all with an environmentally friendly process (resulting in no unexpected
toxic by-products) (Xiao et al., 2014). However, this scheme retains the challenge of improving
the CO> removal efficiency because of the lower interaction between CO» and water than when
organic solvents are used for physical or chemical absorption. This method has not been applied
widely and is in need of more research and development. In order to augment the solubility of
gases in the aqueous phase, it is possible to form a liquid-film through the use of gas bubbles—
especially fine bubbles or microbubbles—to produce a high interfacial area and enhance the
interaction between gas molecules and liquids (Bang et al., 2014, Parmar & Majumder, 2013,

Xu et al., 2008, Imai & Zhu, 2011).

Microbubbles are defined as tiny bubbles with diameter below 100 pm (Parmar &
Majumder, 2013). Tiny bubbles have a high surface tension, small buoyancy, and low slip
velocity, all of which leads to a longer residence time for gas bubbles in an aqueous solution.
Microbubbles also have a high gas dissolution rate because the surface area and internal
pressure of the bubble rise notably, resulting in an increase in the partial pressure of the
dissolving gas and a decrease in the bubble rising speed (Parmar & Majumder, 2013). In
addition, a large surface area can be provided per unit volume of gas. These properties of
microbubbles support their use as a potential solution for improving the dissolution of CO> in

a liquid phase.

The aim of this study is to implement our method of utilizing tap water as a solvent in
conjunction with a water-film-forming-unit (WFFU) that is able to form water-films and
microbubbles to promote the dissolution of CO: in the tap water. The general objective of this
study is, therefore, to remove CO; from a mixed gas at high removal efficiency via an eco-
friendly method to prevent the release of hazardous by-products. With the investigation of
various factors, the response surface method (RSM) was used to build models for this
absorption process that can be used as a beneficial tool in predicting and selecting optimum

conditions. Owning to the utilization of RSM, it provides several benefits when conducting
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experiments such as time-saving, reducing experimental trials and availability for observing

the interactions among factors.

4.2  Materials, experimental apparatus and methods
4.2.1 Materials and experimental apparatus

The simulated gas consisted of a mixture of nitrogen and CO> mixed by using gas flow
meters. The CO; (99.99%) and N2 (99.99%) gases were purchased from Iwatani Corporation
(Japan). Tap water was employed directly as the once-through physical absorbent without any

purification process.

The apparatus used in this study are shown in Figure 4.1. The reactor is the main component
of this system (represented as number 5 in Figure 4.1), with 22 cm diameter and 16 cm height.
The absorption reactor was designed to connect with the liquid-film-forming device inside it,

which has a 17 cm height and an 8 cm diameter, to generate large quantities of microbubbles.

The experiments were carried out at differing conditions of gas supplying pressure,
temperature, gas to liquid ratio (G/L), and initial CO> concentration. In this study, the inlet gas
supplying pressure was examined in the range of 0.25—0.75 MPa. The concentration of CO;
mixed with N, was adjusted from 10% to 45% using a gas flow rate controller. Meanwhile, the
G/L ratio was controlled by holding the liquid flow rate at 14 L min™' while changing the gas
flow rate from 5 to 25 L min!. Temperature was investigated in the range of 10 °C to 30 °C,

which corresponds to the normal annual temperature range in Japan.

In order to evaluate the absorption rate and the removal efficiency of CO,, the outlet gas
from the exhaust gas valve was collected into a sampling gas bag and then analyzed by gas
chromatography (GC-8A, Shimadzu, Japan). The GC-8A is equipped with a thermal
conductivity detector (TCD) and an activated carbon 60/80 column (1.5 m x 3.0 mm ID).
Argon was used as the carrier gas. The operation temperatures for the injector, the column, and
the detector were 50, 60, and 50 °C, respectively. The CO> concentration in water was

measured with a CO> meter (CGP- 31, DKK-TOA Co., Japan).
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Figure 4.1 Experimental apparatus used for CO; absorption: (1) CO2 and N> cylinders; (2) gas

flow rate controllers; (3) water tank; (4) pump; (5) reactor; (6) liquid-film-forming device; (7)

exhaust gas valve; and (8) blowdown valve.

According to Pao Chi Chen’s study (Chen, 2012), the absorption rate can be calculated by
the following formula:
out

1-
R= o 1 (o 2 (.

where R (mol s”'L™") is the absorption rate of CO in the liquid phase; Fo,(mol s™) is the CO»
molar flow rate; V' (L) is the volume of liquid phase in the chamber; x(i:rbz is the molar fraction

of CO; at the inlet; and xout 1s the molar fraction of CO» at the outlet.

4.2.2 Plackett—Burman design

The Plackett—Burman design was used to screen and select the factors significantly affecting
CO; removal and absorption rate. Generally, Plackett—Burman design is applied to reduce the
number of factors in case of the initial factors are several (more than 7 factors). In this research,

due to only four initial factors, it is not necessary to screen and reduce the number of factors.
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However, in order to follow all steps of the RSM procedure, Plackett—Burman design was used

to accomplish the step of selecting and determining significant factors.

The four factors investigated were gas supplying pressure (GSP) (Xi), CO: initial
concentration (CO: conc.) (X2), gas/liquid ratio (G/L) (X3), and temperature (Temp.) (Xi).
According to the Plackett—Burman design, each parameter was set at two levels: -1 for a low
level and +1 for a high level. With these parameters, the program Minitab 14 was used to design
the experimental matrix and determine the important factors. The levels of each factor, their
values, and their effects as used in the experimental design matrix are given in Table 4.1. The

effect of each parameter was estimated by Eq 4.2:

_ LMy Y M

Ey = S
X N/2 N/2

(4.2)

where Ey, is the effect of the tested variables (X;); Mi+ and M;. are the responses (COz removal

efficiency £ and absorption rate R) collected from trials where the variable (X;) was measured

at high and low levels, respectively; and N is the number of experiments.

The factors having a P-value < 0.1 at the confidence level of 90% were considered as the
key factors that acted significantly on the removal rate. These factors were then used in the

modeling step utilizing the response surface method (RSM).

Table 4.1 Levels of the experimental variables, estimated effects, and P-value studied in the

Plackett-Burman design

Code Variable Low  High Removal Absorption rate®
level level efficiency® R x10*
-1)  (+D E (%) (mol s”'L)
Effect = P-value Effect P-value
(Ex) (Exi)
Xi Gas supplying pressure  0.30  0.50  -8.18"  0.003¢ 5.12¢ 0.028°¢
(GSP) (MPa)
X2 COs; initial 15 35 3.84°¢ 0.0784 11.41¢  0.000°
concentration (CO2
conc.) (%)
X3 Gas/Liquid ratio (G/L) 0.71 143  -16.79f 0.000° 4.70¢ 0.038°¢
X4 Temperature (Temp.) 10 25 -23.68"  0.000° -3.03F 0.144
)

1R?=0.9744; adj R’ = 0.9598
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®R?=0.8872; adj R’ = 0.8227
¢ P-value <0.05 (Significant at 95% confidence level)
d p-value <0.1 (Significant at 90% confidence level)

¢ Positive effect; f Negative effect
4.2.3 Response surface method (RSM)

After screening the key factors, the next step in the experiment was to determine the model
regressions and optimum conditions by using a response surface method. Central composite
design (CCD) is popularly applied to design experiments for RSM. The design composes of
three parts: (1) a full factorial or fractional factorial design; (2) an additional design, often a
star design where experimental points are at a distance o from its center; and (3) a central point

(Bezerra et al., 2008).

Responses obtained by experiments are represented by quadratic models using the

polynomial equation (Phummala et al., 2015):
Y = Bo + Xicy Bixi + Xicq Buxi + Xicq Xioq Biyxix; (4.3)

where y is the predicted response; [, is the constant; f§; is the linear effect term; [5;; is the
quadratic effect term; f;; is the interaction effect term; x; is the variable i; and x; is the variable
j. The quality of fit for the quadratic models was expressed by the coefficient of determination

(R?) and the adjusted coefficient of determination (adj-R?).

The RSM with CCD was employed in this work to evaluate the impact of the independent
and significant variables obtained from the Plackett—Burman design: gas supplying pressure
(GSP) (X1), initial CO2 concentration (CO2 conc.) (X2), gas/liquid ratio (G/L) (X3), and
temperature (Temp.) (X4). Based on CCD, each parameter was assessed at five coded levels (-

2,-1,0, 1, 2), with the corresponding values enumerated in Table 4.3.
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4.3 Results and discussion

4.3.1 Screening key factors affecting the removal of CO: using tap water as the

absorbent

The parameters of gas supplying pressure (GSP) (X1), initial CO2 concentration (CO>
conc.) (X2), gas/liquid ratio (G/L) (X3), and temperature (Temp.) (X4) were investigated using
the Plackett—Burman design to identify how they affected the removal rate £ and absorption
rate R. The levels for each factor and the resulting analysis data of estimated effects and
probability values (P-value) are given in Table 4.1. The experimental range for gas supplying
pressure (GSP) (X1), initial CO» concentration (COz conc.) (X2), gas/liquid ratio (G/L) (X3), and
temperature (Temp.) (Xs) are 0.30 — 0.50 MPa, 15% — 35%, 0.71 — 1.43, and 10 °C — 25 °C,
respectively. Particular, based on the results obtained from chapter 3, for the factor of gas
supplying pressure, the experimental range should be from 0.30 to 0.70 MPa. However,
because the removal efficiencies at the condition of 0.30 MPa and 0.70 MPa were nearly same
if the low level and high level were set at 0.30 MPa and 0.70 MPa, respectively, the effect of
this factor would be zero and this would not reflect the actual phenomenon. Therefore, in
Plackett — Burman, the experimental range for gas supplying factor was chosen from 0.30 to
0.50 MPa. The experimental matrix comprising 12 experiments was designed using Minitab
14 software and is given in Table 4.2. According to the data obtained from Table 4.1, factors

with a P-value < 0.1 were considered the key factors affecting the removal and absorption rates.
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Table 4.2 Plackett-Burman design matrix for evaluating influent factors with removal

efficiency and absorption rate as responses

Removal efficiency E Absorption rate R x 10*
Run Xi X» X3 Xa (%) (mol s'L™)
Observed  Predicted Observed Predicted
1 1 -1 -1 -1 79.47 77.15 7.85 9.17
2 1 1 -1 1 57.43 57.30 17.47 17.54
3 1 1 1 -1 61.86 64.19 30.76 25.27
4 1 1 -1 1 57.59 57.30 17.59 17.54
5 1 -1 1 -1 58.50 60.36 12.55 13.87
6 1 -1 1 1 38.11 36.67 8.01 10.83
7 -1 -1 -1 -1 88.69 85.33 5.21 4.05
8 -1 1 1 -1 71.33 72.38 19.64 20.152
9 -1 -1 -1 1 55.99 61.65 471 1.02
10 -1 1 1 1 52.10 48.69 15.67 17.12
11 -1 1 -1 -1 88.71 89.17 11.96 15.46
12 -1 -1 1 1 45.24 44 .86 6.33 5.72

Using a P-value < 0.1 (with the 90% confidence level), the initial CO2 concentration exerted
significant and positive effects on the removal rate E, while the gas supplying pressure,
gas/liquid ratio and temperature were found to have a negative influence. Additionally, the
parameters of gas supplying pressure, CO: initial concentration, and gas/liquid ratio impacted
the absorption rate R at high rank, with P-value < 0.1, and showed a positive effect. Only did
temperature have an insignificant influence on the absorption rate at the 90% confidence level.
However, temperature was identified as a strongly significant factor for the response of E.
Therefore, the four factors of gas supplying pressure, inlet CO» concentration, G/L ratio, and
temperature were found to have the significant influence on both the removal and absorption
rates. Ultimately, gas supplying pressure (X1), COz initial concentration (X2), gas/liquid ratio
(X3), and temperature (X4) were selected for further optimization in the next step using an RSM

design.
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Table 4.3 Central composite design matrix for the experimental design and predicted responses for removal efficiency £ (%) and

absorption rate R (mol s"'L")

Gas supplying CO; initial

pressure (X)) concentration Gas/Liquid Temperature Removal efficiency £~ Absorption rate R X
Run (MPa) (X (%) ratio (X3) (X4) (°C) (%) 10* (mol s'L1)
Actual Code Actual Code Actual Code Actual Code Observed Predicted Observed Predicted
1 0.50 0 25 0 1.07 0 30 2 41.30 40.83 13.25 12.13
2 0.50 0 25 0 1.07 0 20 0 52.38 52.17 15.83 15.58
3 0.70 1 15 -1 0.71 -1 25 1 54.40 54.62 9.64 8.68
4 0.50 0 25 0 1.07 0 20 0 51.88 52.17 15.56 15.58
5 0.50 0 25 0 1.07 0 20 0 52.59 52.17 15.88 15.58
6 0.70 1 35 1 0.71 -1 15 -1 78.00 77.41 29.35 30.89
7 0.50 0 10 -2 1.07 0 20 0 50.12 50.90 6.13 6.34
8 0.50 0 25 0 1.07 0 20 0 52.28 52.17 15.76 15.58
9 0.30 -1 35 1 0.71 -1 25 1 64.64 65.55 10.98 11.15
10 0.30 -1 15 -1 1.43 1 15 -1 61.03 61.23 7.70 6.82
11 0.70 1 15 -1 1.43 1 25 1 45.47 44.69 13.06 13.04
12 0.25 -2 25 0 1.07 0 20 0 64.88 63.50 8.98 8.82
13 0.50 0 45 2 1.07 0 20 0 62.71 62.54 32.48 33.10
14 0.70 1 35 1 0.71 -1 25 1 63.08 62.74 25.14 24.90
15 0.70 1 15 -1 1.43 1 15 -1 60.97 59.92 21.07 21.29
16 0.70 1 35 1 1.43 1 15 -1 62.44 62.24 51.31 47.06
17 0.30 -1 35 1 1.43 1 25 1 52.10 52.08 15.67 14.99
18 0.50 0 25 0 1.79 2 20 0 41.90 42.56 18.11 19.81
19 0.70 1 15 -1 0.71 -1 15 -1 73.10 72.98 12.05 11.61
20 0.30 -1 35 1 0.71 -1 15 -1 79.87 80.52 11.64 10.54
21 0.30 -1 15 -1 0.71 -1 15 -1 75.98 75.70 5.04 4.15
22 0.70 1 35 1 1.43 1 25 1 50.54 50.69 34.47 35.75
23 0.30 -1 35 1 1.43 1 15 -1 64.29 63.93 18.36 19.70
24 0.50 0 25 0 1.07 0 10 -2 70.30 71.04 17.90 19.76
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4.3.2 Effect of operating factors on the removal of CO: using tap water as the absorbent

The 31 experimental trials conducted in this work were targeted to assess the effects of the
four variables and construct quadratic models. The experimental matrix, along with the

corresponding results of the CCD, is presented in Table 4.3.

The regression equation coefficients were calculated and listed in Table 4.4. The
significance of each coefficient was determined by the Student’s #-test. In terms of actual units,
the responses in removal efficiency E (%) and absorption rate R (mol s'L™") were fitted with

second-order polynomial equations as expressed below:

E =186.21 — 171.32X1 — 0.54X> — 40.90.X3 — 3.98X; + 160.65X1* + 0.01.X2* + 7.03X3% +
0.04X4> — 0.05X1.X2 + 4.91.X1.X + 0.07X1.Xs — 0.15X2X3 + 0.02X2Xs + 0.43X3X4 (4.4)

R x10* =—8.71 —30.87X; — 0.63X>+ 11.16X3 + 1.47X4 + 32.82X,? + 0.01.X>? — 4.88X3> +
1.61X1.X> + 24.34X1.X3 — 1.65X1.Xs + 0.45XX5 — 0.02X2Xs — 0.74X3X4 4.5)

Table 4.4 Significance of regression coefficients for removal efficiency E (%) and absorption

rate R (mol s'L")

Terms Regresglon Standard error t-value P-value
coefficient
Removal efficiency E (%)

Constant 186.207 6.108 30.487 0.000°"
Xi -171.323 9.811 -17.462 0.000°"
Xo -0.536 0.163 -3.289 0.005
X3 -40.900 4.333 -9.438 0.000°"
X -3.976 0.337 -11.806 0.000°"
X2 160.650 7.543 21.299 0.000°
X? 0.012 0.002 6.163 0.000°
X3? 7.031 1.292 5.443 0.000°
X$ 0.038 0.007 5.690 0.000°

X1Xo -0.048 0.111 -0.433 0.671

XX 4913 3.085 1.593 0.131

XXy 0.074 0.222 0.332 0.744

X2X3 -0.147 0.062 -2.380 0.030°

XoX4 0.018 0.004 4.147 0.001°

X3Xy 0.433 0.123 3.506 0.003"
Absorption rate R (mol s'L")

Constant -8.707 12.513 -0.696 0.496
Xi -30.866 20.100 -1.536 0.144
Xo -0.625 0.334 -1.872 0.080
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X3 11.164 8.878 1.258 0.227

Xa 1.474 0.690 2.136 0.048"
X2 32.824 15.452 2.124 0.050"
X2 0.007 0.004 1.803 0.090
X3? -4.875 2.646 -1.842 0.084
X2 0.004 0.014 0.268 0.792
XX 1.612 0.228 7.084 0.000"
XX 24.34 6.320 3.851 0.001"
XiXa -1.651 0.455 -3.629 0.002"
XX 0.451 0.126 3.568 0.003"
XXy -0.015 0.009 -1.687 0.111
X3 Xy -0.740 0.253 -2.925 0.010%*

* P-value <0.05 (Significant for 95% confidence level)

The results of analysis of variance (ANOVA) for the regression models are given in Table
4.5. The probability values of the regression model in both the £ and R cases equaled 0.000,
demonstrating that the models were significant. The high determination coefficients (R?) of
0.996 and 0.982, together with adjusted determination coefficients (adj R?) of 0.993 and 0.966,
for the responses of removal efficiency and absorption rate, respectively, indicate that the
models explained 96.6%—-99.6% of the variability in the response variable. Figure 4.2 further
confirms that there is a good agreement and correlation between the experimental and predicted

values of the responses in both models.

Table 4.5 Analysis of variance (ANOVA) for the parameters of central composite design
(CCD) for removal efficiency E (%) and absorption rate R (mol s"'L!)

Removal efficiency E (%)
Sources of variations DF  Sum of Squares Mean Square  F-value P-value

Regression 14 3156.97 225.50 285.63 0.000
Linear 4 2614.20 87.08 110.30 0.000
Square 4 512.77 128.19 162.38 0.000
Interaction 6 29.99 5.00 6.33 0.001

Residual Error 16 12.63 0.79

Total 30 3169.60

Coefficient of determination (R%) = 0.996
Adjusted determination coefficient (adj R%) = 0.993

Absorption rate R x 10* (mol s'L")

Sources of variations DF  Sum of Squares Mean Square  F-value P-value

Regression 14 2912.57 208.04 62.79 0.000
Linear 4 2531.14 12.07 3.64 0.027
Square 4 42.42 10.61 3.20 0.041
Interaction 6 339.01 56.50 17.05 0.000
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Residual Error 16 53.01 3.31
Total 30 2965.59

Coefficient of determination (R?) = 0.982

Adjusted determination coefficient (adj R?) = 0.966
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Figure 4.2 Correlation between observed and predicted values for (a) removal efficiency and

(b) absorption rate.

75



The 3D surface plots and contour plots in Figures 4.3 and 4.4 were drawn to clarify the
main and interactive effects of the independent variables on the responses. The plots were
generated by varying two variables as a function of two significant factors at the same time
within the experimental range, while the two other variables were kept constant at the center

point.

Figures 4.3(a) and 4.4(a) present the interaction effects between gas supplying pressure (X1)
and G/L ratio (X3) on the removal capacity £ and absorption rate R. In terms of gas supplying
pressure, the removal rate fluctuated and reached the lowest point at 0.50 MPa, when gas
supplying pressure was adjusted between 0.25 MPa and 0.75 MPa. Specifically, after a drop in
CO2 removal efficiency that occurred with the rise in gas supplying pressure from 0.25 to 0.50
MPa, the CO; capture increased again when the gas supplying pressure moved up to 0.75 MPa.
Meanwhile, the absorption rate increased steadily with the growth in pressure. Based on
Henry’s law, pressure normally has a direct influence on the absorption of CO> in water, which
would explain the strong augmentation in the absorption rate in the pressure range of 0.25 to
0.75 MPa. Interestingly, the CO> removal capacity declined with a change in gas supplying
pressure from 0.25 to 0.50 MPa. The reason for this odd behavior is presented in Section 3.3.2.

The G/L ratio had a negative effect on the removal capacity and a positive effect on the
absorption rate. Due to an increase in the inlet gas flow rate from 5 to 25 L min™' while keeping
the water flow rate at a constant of 14 L min! (equivalent to G/L range of 0.36 to 1.79), a large
amount of CO; passed through the device and caused a turbulent liquid phase inside the
absorption tank, which reduced the contact time between the gas and liquid phase (Chai &
Zhao, 2012, Lin & Chu, 2015, Xiao et al., 2014), and ultimately led to a decline in the removal
rate. However, according to Eq. (4.1), a higher gas flow rate stimulates the relative CO> molar

flow rate per unit of liquid phase, effectively increasing the absorption rate.
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Figure 4.3 Three-dimensional response surface plots and contour plots of removal efficiency interactions between: (a) gas

supplying pressure and G/L ratio; (b) CO; initial concentration and G/L ratio; (c) gas supplying pressure and temperature.
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Figure 4.4 Three-dimensional response surface plots and contour plots of absorption rate interaction between: (a) gas supplying

pressure and G/L ratio; (b) CO; initial concentration and G/L ratio; (c¢) gas supplying pressure and temperature.




The interaction effects between the inlet CO» concentration and the gas/liquid flow ratio
on CO> capture of and absorption rate are illustrated in Figures 4.3(b) and 4.4(b), respectively.
As shown in these figures, an increase in the inlet CO» concentration improves the sequestration
of CO; into water. At higher initial CO» concentrations, the gas partial pressure increased and
lowered the resistance between the gas and liquid phases, which caused an accumulation of
dissolved CO: in the tap water, as indicated by Henry’s Law. As a result of this, not only the
removal efficiency but also the CO, absorption rate improved directly and remarkably with the

accumulation of CO; when increasing the concentration in the mixed gas from 10% to 45%

Figures 4.3(c) and 4.4(c) illustrate the interactive influences between temperature and gas
supplying pressure. The range of temperature investigated was 10 °C to 30 °C. The solubility
of gas is dependent on temperature, and an increase in temperature leads to an increase in the
gas dissolution rate (Carroll et al., 1991). Therefore, CO, removal efficiency and absorption
level decreased with increasing temperature. Furthermore, temperature also had an effect on
the bubble diameter, rise velocity, and gas holdup. Increasing temperature resulted in a
reduction in the gas holdup and total bubble surface area due to an increase in the bubble rise
velocity (Pérez-Garibay et al., 2012). For these reasons, increased temperature had a negative

effect on the dissolution rate of CO».
4.3.3 Evaluation of the models and experiment

In order to verify the reliability of our results and to determine the validity of our statistical
models and regression equations, 5 additional experiments were conducted under different
experimental conditions. The results, including the observed values, predicted values, and %

errors between the observed and predicted values for the two responses are listed in Table 4.6.

In each run, the predicted values for removal efficiency and absorption rate calculated from
Eqs 4.4 and 4.5, respectively, were compared to the observed values. The % error between
predicted and observed values fluctuated in the range of 0.46% and 3.69% for the removal
efficiency and 3.59% and 8.28% for the absorption rate. The fact that % errors were less than
9% confirmed again that the statistical models obtained from this study are both accurate and
reliable. These results, when combined with a high correlation coefficient R> 0.98 (shown in
section 4.3.2), show that the use of the polynomial equations (Eqs 4.4 and 4.5) to estimate the
CO» removal efficiency and absorption rate is concise and reliable. With the aid of statistical
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models and second-order polynomial equations, the CO> removal efficiency and absorption
rate could be calculated precisely without conducting experiments. Therefore, it is possible to
determine the appropriate or optimum conditions for controlling the absorption process to meet
the standard requirements of CO> removal and absorption rate in a cost effective and timely

manner. This approach provides the means to employ this water absorption system in real-time.

Table 4.7 shows a comparison of the CO; removal performance in this study with that of
other methods, including conventional water scrubbing (packed column scrubber), amine
absorption, adsorption, and membrane techniques. Compared to amine absorption, water
scrubbing has some special benefits, i.e., it reduces corrosion problems, it does not release toxic
by-products, and the process control is simple. In addition, using water as the absorbent leaves
many choices for the disposal of solvents. The disposed water containing high concentrations
of CO; can also be used for other purposes, such as a carbon source for the cultivation of
microalgae (Wang er al, 2008, Singh & Ahluwalia, 2013). Therefore, due to the
environmentally friendly advantages, water scrubbing can be considered a better choice for the

environment in the comparison with the other technologies (Cozma et al., 2013).

On the other hand, the disadvantage of conventional water scrubbing is that because water
is a weak absorbent, high amounts of energy are required for maintaining the high pressure
(1.0-2.0 MPa) required during the absorption process in order to achieve a high mass transfer
between the two phases of liquid and gas and high dissolution rate. To solve this problem, this
study used tap water as the CO> absorbent in the apparatus outfitted with the water-film-
forming-unit (WFFU) to remove carbon dioxide from the gas stream effectively at a low gas
supplying pressure of 0.30 MPa. In the scrubber connected to the WFFU, a large number of
liquid-films and fine bubbles were formed, promoting the effective and strong pathway for a
high gas transfer efficiency and dissolution rate into water (Imai & Zhu, 2011). Figure 4.5
indicates that with the aid of the WFFU, CO: dissolved into water faster with a concentration
three times higher than in the case of without the WFFU. The reasons for the high CO»
dissolution rate are that fine bubbles enable large interfacial contact area between the gas and
water and have a long residence time in the liquid phase due to their low buoyancy and low
slip velocity (Parmar & Majumder, 2013). Therefore, a high CO; removal efficiency can be

achieved without the use of high pressure. This can be demonstrated by comparison with the
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results of previous studies. Lénteld ef al. (2012) concluded that in an absorption column packed
with a pall-ring (4 X 4 cm) filling material for high internal surface area, the removal of CO>
from the raw landfill gas by water absorption can reach 88.9% under high pressure conditions
(2.5 MPa), a COz inlet concentration of 37.8%—43.6%, a temperature of 10—15 °C, and a water
flow rate of 11 L min"!. Meanwhile, with the aid of a WFFU in enhancing the CO> dissolution
rate, at the initial conditions of low gas supplying pressure (0.25 MPa), CO; inlet concentration
(40%), temperature (12 °C), and gas/liquid ratio (0.71), the water absorption process can
achieve a CO; removal efficiency of about 92.0%. However, one remaining limitation in this
study is the low performance of this process under high gas-to-liquid ratio conditions or a high
load of induced gas. This can be explained by the lack of capacity in producing fine bubbles
with only one WFFU. Hence, this problem can be solved by increasing the number of WFFUs
used in the apparatus. When the number of WFFU increases, the amount of and the speed with
which the liquid-films and microbubbles are produced increases. This increase in effectiveness
enhances the mass transfer as well as increasing the contact area between the gas and liquid
phases, supporting the use of this type of apparatus under conditions with high loads of inlet

gas.
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Table 4.6 Experimental confirmation for removal efficiency E (%) and absorption rate R (mol s"'L)

82

(Predicted value+Observed value)/2

.. . 4
Gash €Oz 1n1t1§11 Gas/Liquid Temperature Removal efficiency E (%) Absorption rite_{% <10
supplying concentration . o (mol s”'L™)
o Pressure (%) gg(; ((Xa)) Observed  Predicted 7 Observed  Predicted 7
(MPa) (X1) (X2) Error M Error
1 0.70 25 0.71 15 76.24 73.65 -3.46 18.86 20.49 8.28
2 0.30 15 1.07 20 56.46 58.01 2.71 6.29 6.52 3.59
3 0.30 35 0.71 30 58.24 60.31 -3.49 11.32 10.67 -5.91
4 0.50 35 0.36 10 92.86 93.29 0.46 10.96 11.71 6.61
5 0.50 45 1.43 25 48.92 50.76 3.69 32.14 34.27 6.41
% Error is the percentage of error between observed value and predicted value; % Error = Predicted value—Observed value _ 100%.



Table 4.7 Comparison of different CO, removal technologies

. Conventional . : .
Parameter This study water scrubbing Amine absorption Adsorption Membrane
0.7-0.8 MPa
Working pressure <0.30 MPa 1.0-2.0 MPa ™ Low pressure (! (Pressure Swing 2.5-4.0MPa®
Adsorption)
Operation and Low Low @0 High © High @ High membrane cost )
maintain cost
Energy 3) 3 €))
: 1.5-4.5 MJ/kgCO» - 4 — 6 MJ/kgCO» 2 —3 MJ/kgCO2 0.5 -6 MJ/kgCO»
requirement
Toxic by-product Low Low @ High @© Low (D© Low ©®X©
Corrosion rate Moderate Moderate (! High (V©®) Low Low ©®
Control Low - High @ High ® Low @
requirement
Other Less environmental impact because no High  environmental High temperature is Operational
chemical is required in the scrubbing impact due to sorbent required in the problems include
process. However, the process is slow and degradation, adsorption process @.  low flux and

requires a lot of water (V®),

degradation
compounds and
disposal of solvent ),

generation of volatile

the

fouling @,

List of references used in Table 4.7

! Andriani et al. (2014)
2 Leung et al. (2014)

83



> Mondal et al. (2012)

4 Ofori-Boateng and Kwofie (2009)
S Olajire (2010)

¢ Shimekit and Mukhtar (2012)

7 Zhao et al. (2010)
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Figure 4.5 CO, Concentration dissolving into 60 L of water and the change of pH during 60
minutes in two cases of with and without using liquid-film-forming-device (WFFU). Inlet gas
supplying pressure: 0.50 MPa; inlet gas composition: 15% CO>—85% Na; G/L ratio: 1.43; and

temperature: 20 °C.

4.4 Conclusions

This study provided evidence that using an RSM in connection with CCD statistical
experimental design could successfully construct models identifying the effects of various
independent variables, including gas supplying pressure, initial CO» concentration, G/L ratio,
and temperature, on the CO; removal efficiency and the degree of absorption. Good agreements
between the predicted values obtained from the two models with the experimentally observed
values were achieved, with the coefficient of determination R’ being more than 0.98 in both
cases. The models can be used as useful tools to predict the CO, removal efficiency and

absorption rate accurately without carrying out a large number of experiments.

In order to achieve high efficiency of CO, capture from the mixed gas, the water
scrubbing process was designed with gas supplying pressure set under 0.30 MPa or over 0.70

MPa. However, for the aim of reducing operating cost, the lower the gas supplying pressure,
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the lower expenditure is. In addition, higher inlet CO, concentrations, lower temperatures, and
lower G/L ratios improved the solubility of CO» in water. However, due to the low G/L ratio,
the absorption rate of the absorption process was low, and was thus uneconomical.
Accordingly, to achieve not only a high removal rate but also a satisfactory absorption rate, it
is suggested to consider the mass flow of the feed gas, efficacy demand, and required CO»
separation process before selecting the optimal conditions. Eventually, further research will be
needed to further develop an apparatus design for connecting several liquid-film generators,
which is expected to enable not only a high removal rate but also a great absorption rate. In
future studies, measurements of the bubble sizes and mass transfer coefficients will be carried

out to comprehensively assess the absorption process.
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CHAPTER 5

INFLUENCE OF WATER-FILM-FORMING-UNIT ON THE ENHANCED
REMOVAL OF CARBON DIOXIDE FROM MIXED GAS USING WATER
ABSORPTION APPARATUS

5.1 Introduction

The major contributor to global warming is anthropogenic greenhouse gas emissions. The
increased concentration of greenhouse gases, primarily including carbon dioxide, methane,
nitrous oxide, and hydrofluorocarbons, have endangered the Earth and humankind through
global climate change, damage to global ecosystems, glacier melting, and enhanced health
risks. As 77% of greenhouse gases emissions are carbon dioxide (CO3), CO: is the primary
cause of global warming (Alonso et al., 2017). According to the Emission Database for Global
Atmospheric Research, global emissions of CO> were 36.2 billion tonnes in 2015, compared to
33.4 billion tonnes in 2011 (Olivier et al., 2016). While CO, emissions continue to grow,
determining an effective and economic way to control the release of carbon dioxide to the

atmosphere is currently one of the most important aims of global research.

In general, the most popular method for removing CO; from mixed gas is absorption. There
are two types of absorption methods; chemical absorption and physical absorption. Chemical
absorption using amine-based solvents is the most mature and widespread method owing to its
high CO; removal efficiency and the potential for regenerating sorbents. However, this method
involves some problems relating to the high equipment corrosion rate, amine degradation, the
significant amount of heat required for regenerating absorbents, and the generation of toxic by-
products (Leung et al., 2014, Olajire, 2010). Compared to amine absorption, physical water
scrubbing has some unique benefits, such as reduced corrosion problems, no toxic by-products,
and an easily controlled process. As it does not use chemicals or produce toxic by-products,
water scrubbing is a more environmentally friendly method of absorbing carbon dioxide from
exhaust gas; therefore, it is a promising technology for controlling carbon dioxide emissions in

an environmentally conscious manner (Cozma et al., 2013).
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However, few studies focus on the absorption of CO:> using water without chemical
reactions. The greatest limitation of this method is the lack of interaction between carbon
dioxide and water, which results in low removal efficiency and the need to operate at high
pressure (1.0 - 2.0 MPa). Maintaining high pressure throughout operation leads to energy
consumption and costs. To combat this problem, we employed a water scrubber apparatus
connected to a water-film-forming-unit (WFFU), with the aim of promoting mass transfer and
contact between the gas and liquid phases, thereby improving the effectiveness of this method.
In the apparatus, the formation of many water films and small bubbles effectively promotes
gas transfer efficiency and dissolution rate (Imai & Zhu, 2011). The small bubbles supply a
large available interfacial contact area between the gas and water, and have a long residence
time in the liquid phase due to low buoyancy and low slip velocity (Parmar & Majumder, 2013).
Therefore, high CO> removal efficiency can be achieved without the need for high pressure. A
previous study demonstrated that utilizing a WFFU in the absorption system could improve
CO; removal capacity under low pressure (0.30 MPa) conditions (Nguyen et al., 2017). Despite
this, however, there were still limitations caused by the low removal efficiency under a high
feed gas load and a lack of results that could clearly illuminate the role of the WFFU in
enhancing CO; removal. Therefore, further research is needed on the differences in the removal
process with and without a WFFU, the potential for improving removal efficiency by using
more than one WFFU, and the manner in which a WFFU can improve the absorption process.
This research will need to comprehensively assess the effects of using a WFFU to improve the
CO; removal process. Furthermore, to scale up this water absorption method and apply it in the
apparatus outfitted with several WFFUs, the removal performance and phenomena occurring

after the apparatus outfitted with several WFFU must be investigated.

Furthermore, the Taguchi method was applied to thoroughly evaluate the effect of various
factors on the CO; removal capacity, and explore optimum conditions for the absorption
process. These findings can be used to design protocols for capturing carbon dioxide from

mixed gas using water as the absorption solvent.
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5.2 Materials and Methods
5.2.1 Experimental setup and methods

In this absorption system, the inlet gas was a mixture of CO» and N». The ratio of CO> to
N> was adjusted using flow meters. Tap water was used as the non-circulated absorbent without
any purification process. The experimental setup used for removing CO> is illustrated in Figure
5.1. Before introducing the gas to the absorption chamber, the inlet gas was mixed with the
water pumped from the water tank. The main part of this system is the absorption chamber.
This chamber was a stainless steel, pressurized chamber, with an interior volume of 5 L and
equipped with a water-film-forming-unit (WFFU) inside. The WFFU can support the
generation of a large number of water films and small bubbles in order to enhance the interfacial

area between the water and the gas (Figure 5.2).

The operational variables investigated in this study are the number of WFFUs outfitted
inside the absorption chamber, gas supplying pressure, initial CO» concentration, gas-to-liquid
(G/L) ratio, and temperature. The effect of the number of WFFUs on the removal rate was
examined by assessing the CO» removal performance in three models of absorption system
equipped with zero, one, and two WFFUs (non-WFFU, 1-WFFU, and 2-WFFUs, respectively),
as shown in Figure 5.1. The investigated range of gas supplying pressure was from 0.25 to
0.70 MPa. The influence of CO; initial concentration was analyzed by setting the CO> initial
concentration in the mixture with N> at 10%, 15%, 25%, 35%, and 45% using flow meters. The
G/L ratio was set by controlling the gas flow rate from 5 L min™! to 25 L min"!, and maintaining
the water flow rate of 14 L min™' (equivalent to a G/L ratio range of 0.36 — 1.79). To correspond
to the annual range of temperature in Japan, the impact of temperature was assessed in the

range of 10 °C to 30 °C.
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Figure 5.1 Schematic diagram of the apparatus used for the removal of carbon dioxide in this

study.

Figure 5.2 Snapshots of the production of water-films and fine bubbles in the absorption tank.

The outlet gas was collected in the gas sample bag and used to measure the removal
efficiency and absorption rate. Gas samples were analyzed by gas chromatography (GC-8APT,
Shimadzu). The GC-8APT was equipped with a thermal conductivity detector (TCD) and an
activated carbon 60/80 mesh column (1.5m x 3.0mm ID). The carrier gas was argon. The

operational temperature of the injector, column, and detector were 50 °C, 60 °C, and 50 °C,
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respectively. The absorption rate was computed by the following equation, introduced by Chen

(2012):

R = Fcoz 1_(1 xcoz)( c02 (5.1)

out

where R (mol s™'L™") is the absorption rate of CO: in the liquid phase; F,(mol s™) is the CO»
molar flow rate; V' (L) is the volume of liquid phase in the chamber; xicrbz is the molar fraction

of CO; at the inlet; and x°ut is the molar fraction of CO; at the outlet.

5.2.2 Taguchi analysis method

The Taguchi method is a useful and effective statistical tool for designing experiments,
developed in 1986 (Taguchi, 1986). The aim of this method is to decrease the number of
experiments in order to decrease operational time and costs, identify significant factors

affecting the response, and maintain quality of the design phase (Asiltiirk & Akkus, 2011).

Based on the number of parameters and the number of levels within each parameter, the
Taguchi method creates a standard orthogonal array and experimental matrix. In order to
evaluate parameters, the experimental data are transformed into a statistical measure of
performance called the signal-to-noise ratio (S/N). This ratio is the ratio of the mean (signal)
to the standard deviation (noise). The S/N ratio depends on the quality characteristics of the
product or process to be optimized (Datta et al., 2008). The best level of each parameter is the
level which achieves the highest S/N ratio. The S/N ratio can be calculated using three
concepts: nominal is best, smaller is better, and larger is better (Asiltirk & Akkus, 2011).

Nominal is best: S/N = 10log SZZ; (5.2)
y

smaller is better: S/N = —1010g%(2 y2); (5.3)

and larger is better: S/N = —10log % o %); 5.4)

where Y is the average of observed data, SJ% is the variance of y, y is the observed data, and 7 is

the quantity of observations.

In this study, software MINITAB 14 was used to create the Taguchi experimental matrix

and analyze the results. We assessed the effects of five controlling factors, including the
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number of WFFUs, gas supplying pressure, CO; inlet concentration, the G/L ratio, and water
temperature, on CO> removal and absorption rates. Except for the number of WFFUs, which
had two levels (“1”” and “2”), each factor was investigated at three levels (labelled as “17, “27,
and “3”, Table 5.1). Normally, for a combination of one factor with two levels and four factors
with three levels, the total number of experiments would be 2'x3% (=162). However, utilizing
the Taguchi method not only greatly reduces the number of experiments to 18 trials, but also
increases the efficiency and quality of the analysis process. Table 5.2 presents the total matrix

of 18 trials, the observed CO; removal rates, and the transformed S/N ratios for each trial.

Table 5.1 Controlling factors and their levels

Factor Unit Level

1 2 3
Number of WFFUs Piece 1 2 -
Inlet gas supplying pressure MPa 0.30 0.50 0.70
Initial CO; concentration % 15 25 35
G/L ratio - 0.71 1.07 1.43
Temperature °C 15 20 25
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Table 5.2 Taguchi’s Lig orthogonal design and CO» removal efficiency, absorption rate and S/N ratio results

) CO; initial .
Number of Gas supplying . ) Temperature Removal Absorption
trat L rat
Trial WFFUs pressure (MPa) z:(;)r;cen ration G/L ratio (°O) efficiency ISE{EIOa rate (x 10%) rsa/g]ob
0 -11 -1
Level Actual Level Actual Level Actual Level Actual Level Actual (%) (mol L")
1 1 1 1 0.30 1 15 1 0.71 1 15 75.98 37.61 5.33 14.53
2 1 1 1 0.30 2 25 2 1.07 2 20 60.86 35.69 11.80 21.44
3 1 1 1 0.30 3 35 3 1.43 3 25 52.10 34.34 20.00 26.02
4 1 1 2 0.50 1 15 1 0.71 2 20 55.72 3492 17091 17.96
5 1 1 2 0.50 2 25 2 1.07 3 25 46.79 334 17.54 24.88
6 1 1 2 0.50 3 35 3 1.43 1 15 56.00 3496 32.17 30.15
7 1 1 3 0.70 1 15 2 1.07 1 15 64.03 36.13 15.14 23.60
8 1 1 3 0.70 2 25 3 1.43 2 20 52.81 3445 31.53 29.97
9 1 1 3 0.70 3 35 1 0.71 3 25 63.08 36.00 28.78 29.18
10 2 2 1 0.30 1 15 3 1.43 3 25 63.28 36.03 891 19.00
11 2 2 1 0.30 2 25 1 0.71 1 15 97.68 39.80 943 19.49
12 2 2 1 0.30 3 35 2 1.07 2 20 80.51 38.12 18.82 25.49
13 2 2 2 0.50 1 15 2 1.07 3 25 63.91 36.11 11.13 20.93
14 2 2 2 0.50 2 25 3 1.43 1 15 77.20 3775 26.84 28.58
15 2 2 2 0.50 3 35 1 0.71 2 20 85.08 38.60 21.54 26.66
16 2 2 3 0.70 1 15 3 1.43 2 20 67.45 36.58 21.25 26.55
17 2 2 3 0.70 2 25 1 0.71 3 25 74.65 3746 21.14 26.50
18 2 2 3 0.70 3 35 2 1.07 1 15 83.31 3841 43.64 32.80
Note:

S/N ratio®: transformed data to S/N ratios for removal efficiency (Larger is better)
S/N ratio®: transformed data to S/N ratios for absorption rate (Larger is better)
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5.3  Results and Discussion
5.3.1 Effect of water-film-forming-unit (WFFU)

The effect of WFFU on the removal of CO> from the feed gas was investigated by
evaluating the CO; removal rate and absorption rate in the apparatus under three conditions:
non-WFFU, 1-WFFU, and 2-WFFUs (see Figure 5.1). The removal and absorption rates at a
gas supplying pressure of 0.30 MPa, a total inlet gas flow rate of 15 L min™!, and a temperature
of 15 °C are shown in Figures 5.3(a) and 5.3(b). Using WFFUs revealed an improvement in
the CO, capture ability; the CO» removal efficiency for 2-WFFUs was approximately 20%
higher than that for non-WFFU. Similarly, with a feed gas composition (CO2 to N> ratio) of
15:85, 25:75, and 35:65, the absorption rate increased from 7.22 x 10 to 7.89 x 10* mol s”'L-
! from 12.54 x 10* to 13.46 x 10* mol s"'L"!, and from 18.24 x 10* to 19.16 x 10* mol s'L"
I, respectively, when comparing that rate in two circumstances of non-using WFFU and using
2-WFFUs in the absorption apparatus. These results prove that WFFU significantly promotes
the dissolution and absorption capacity of CO; in water. This is due to generation of a very
large number of water films that stimulate the supply of CO; in two directions, so that CO,
transfer can occur across the inner interface (gas bubble and water film) and the outer interface
(surrounding environment and water film). This substantially increases the interfacial contact

area between the two phases (Nguyen et al., 2017, Zhu et al., 2007).

Figure 5.3(a) also shows that the CO» absorption capability of non-WFFU is higher than
that of I-WFFU. The first explanation for this phenomenon is that the use of only one WFFU
leads to a low ability to produce small bubbles and water films, which leads to a minimal
improvement of CO» sequestration. The second reason is that, compared to the internal pressure
of 0.10 MPa in the non-WFFU apparatus, the internal pressure in the chamber is lower when
using a WFFU (0.06 MPa) because of pressure consumption by the WFFU. Internal pressure
has a positive influence on CO; removal efficiency as well as the dissolution rate, i.e. an
increase of internal pressure leads to an increase of absorption potential and CO; removal rate
(Nguyen et al., 2017). Therefore, due to lower internal pressure in the absorption chamber in
the 1-WFFU apparatus, more of the trapped gas breaks through the water film and is released
to the environment, decreasing the removal rate. A combination of these reasons explains the

lower removal and absorption rate for 1-WFFU conditions. This proves that the internal
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pressure of the WFFU is an important factor that can improve CO2 removal performance. If
the addition of one WFFU results in an increased removal efficiency in the 1-WFFU and 2-
WFFU conditions, the higher value of the internal pressure leads to the high removal efficiency
in the non-WFFU condition. Thus, there are two approaches by which to increase the removal
efficiency: increasing the number of WFFUs and increasing internal pressure. However, given
by the structure of our apparatus, it is difficult to control and adjust the internal pressure.
Furthermore, the absorption system could become unstable and unsafe at a high internal
pressure. Therefore, increasing the number of WFFUs is a simpler, safer, more stable, and more

effective approach to improving the performance of CO, removal process than increasing

internal pressure.
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Figure 5.3 Effect of the water-film-forming-unit (WFFU) on (a) CO» removal efficiency and
(b) absorption rate. Operating conditions: gas supplying pressure = 0.30 MPa; G/L ratio = 1.07;

total gas flow rate = 15 L min™'; water flow rate = 14 L min’!; and temperature = 15°C.

Accordingly, the WFFU has a notable impact on CO; capture from the mixed gas. With
two WFFUs inside the chamber, the removal efficiency of CO; is greatly increased at a low
gas supplying pressure of 0.30 MPa. Hence, we suggest that an increasing number of WFFUs
can result in a significant improvement in the absorption process and more effective and

cheaper CO; capture from the high feed gas load.

97



5.3.2 Effect of inlet gas supplying pressure

Normally, gas supplying pressure plays an important role when using physical water
absorption to remove CO; from mixed gas. In order to evaluate and compare the influence of
gas supplying pressure on the CO, removal process in both our novel absorption tank (equipped
with 1 or 2 WFFUs) and a conventional tank (not equipped with a WFFU), the removal capacity
and absorption rate were measured (Figures 5.4(a) and (b)). In the conventional apparatus, the
removal efficiency and absorption rate increases with pressure at an initial gas composition of
25% CO; and 75% Na, a total gas flow rate of 15 L min™!, and a temperature of 15 °C. When
pressure is increased from 0.25 to 0.70 MPa, the removal and absorption rate increases from
72.4% to 79.03% and from 10.54 x 10 to 29.26 x 10"* mol s"'L"!, respectively. These results
show that, if a WFFU is not installed inside the chamber, pressure has a direct effect on the
absorption process, as dictated by Henry’s law. Henry’s law states that the solubility of gas in
the aqueous phase is directly proportional to the gas pressure. Thus, an increase in gas

supplying pressure improves CO; dissolution in water and CO; removal rate.

However, in the apparatus linked with 1- WFFU and 2-WFFUs, the removal efficiency
generally decreased as pressure was adjusted from 0.25 to 0.50 MPa but increased again when
the pressure was then increased to 0.70 MPa. Meanwhile, the absorption rate increased
approximately three-fold as pressure was increased from 0.25 to 0.70 MPa. This can be
explained by the fact that 0.50 MPa is the critical pressure point in the apparatus equipped with
WFFU (Nguyen et al., 2017). Moreover, there is a decrease in removal rate at conditions of
0.50 MPa. Generally, with the aid of WFFU, a high removal rate can be achieved at low gas
supplying pressures below 0.30 MPa.

Furthermore, Fig. 5.4 (a) shows that in the apparatuses equipped with 1- and 2-WFFUs,
increasing the number of WFFUs reduces the influence of gas supplying pressure on removal
efficiency. In the former (1-WFFU), specifically, the removal efficiencies of 75.7% at a gas
supplying pressure of 0.25 MPa, 61.3 at 0.50 MPa, and 67.3% at 0.70 MPa proved that although
a high removal efficiency can be obtained at low pressure, increasing the pressure is still
important for improving CO> removal performance. Meanwhile, in apparatuses outfitted with
2-WFFUs, there is a slight fluctuation in removal efficiency under different pressure

conditions. This is especially true when the gas supplying pressure is increased from 0.50 MPa
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to 0.70 MPa, as the removal efficiency remains nearly unchanged at 83.6% and 84.6%,
respectively. These results illustrate that with the addition of only one more WFFU to the
chamber, the effect of gas supplying pressure on removal efficiency tends to decrease. They
also suggest that as the number of WFFUs inside the absorption chamber increase, the
differences between CO:> removal performance at low or high pressure conditions might

become smaller.
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Figure 5.4 Effect of gas supplying pressure on (a) CO; removal efficiency and (b) absorption
rate. Operating conditions: G/L ratio = 1.07; total gas flow rate = 15 L min™!; water flow rate =

14 L min'; feed gas composition = 25% CO, and 75% N»; and temperature = 15 °C.

Because a higher removal efficiency can be achieved at low gas supplying pressure (0.25
MPa), and it minimizes the effect of increasing pressure on removal efficiency, the application
of several WFFUs to improve CO; capture from mixed gas can potentially solve the problem
of the high pressure requirement (1.0-2.0 MPa) in conventional water absorption (packing
absorption scrubber) (Andriani et al., 2014, Lanteld et al., 2012). Thus, CO; can be removed
efficiently and cost-effectively.

5.3.3 Effect of CO: initial concentration

The influence of CO; initial concentration on CO»> removal in the three types of absorption
system was investigated by varying the CO: inlet concentration from 10% to 45%. The
operational conditions involved a gas inlet pressure of 0.50 MPa, a total inlet gas flow rate of
15 L min!, and a temperature of 15 °C. An increase in CO; concentration resulted in increased

removal efficiency and absorption rate (Figures 5.5(a) and (b)). Specifically, in the non-WFFU

99



system, an increase of CO; intake concentration resulted in a CO2 removal and absorption rate
increase from 74.07% to 78.72% and from 7.91 x 10" to 40.82 x 10 mol s™'L"!, respectively.
For the 1-WFFU system, the removal and absorption rate experienced a dramatic increase of
60.89% to 69.93% and 7.08 x 10 to 39.27 x 10 mol s'L", respectively. In the 2-WFFUs
absorption system, the removal efficiency increased slightly from 82.88% to 85.62%, while the

absorption rate increased from 8.00 x 10 to 41.01 x 10 mol s”'L.
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Figure 5.5 Effect of CO> initial concentration on (a) CO; removal efficiency and (b) absorption
rate. Operating conditions: gas supplying pressure = 0.50 MPa; G/L ratio = 1.07; total gas flow

rate = 15 L min’!; water flow rate = 14 L min™'; and temperature = 15 °C.

Increasing the COx initial concentration from 10% to 45% increases the number of CO;
molecules per one unit of volume, as well as the CO» partial pressure, from 0.05 to 0.23 MPa.
Gas partial pressure is the driving force of gas dissolution potential in the liquid phase.
Therefore, with an increase of gas partial pressure and a reduction of mass transfer resistance
of the gas phase, an increase of CO> concentration stimulates contact between the two phases
(liquid and gas), as well as accelerating the dissolution rate of CO; in water (Zeng et al., 2013).
However, the effect of CO; initial concentration and CO; partial pressure on the removal
process was smaller in the 2-WFFUs system. This phenomenon also occurred when
investigating the effect of total gas supplying pressure on CO; removal performance (section
5.3.2). This indicates that both total inlet gas supplying pressure and gas partial pressure have
a minor influence on the removal rate when using several WFFUs in the absorption system.

Generally, because a WFFU can reduce the effect of pressure on gas capture during physical

100



absorption, the addition of WFFUs makes it possible to use water as the solvent and avoid the

issue of pressure.
5.3.4 Effect of gas-to-liquid ratio

The performance of the three water absorption systems with different gas-to-liquid (G/L)
ratios is described in Figures 5.6(a) and (b). The G/L ratio varied from 0.36 to 1.79 as the gas
flow rate was adjusted from 5 to 25 L min™! and the water flow rate was controlled at 14 L min-
! by flow meter controllers. Other factors including gas supplying pressure, temperature were
kept constant at 0.30 MPa, and 15 °C, respectively. As mentioned above, the 2-WFFUs system
clearly promotes CO; absorption in water because the CO; removal and absorption rates were
substantially greater than in the other two systems. In the 2-WFFUs system, with a feed gas
composition of 15% CO; and 85% Nz, the removal efficiency reached a maximum of 95.78%
at a G/L ratio of 0.71. Meanwhile, at the same G/L ratio, the removal efficiency of the 1-WFFU
and non-WFFU systems also achieved maximum values of 67.59% and 81.6%, respectively.
In contrast, maximum absorption rates: 17.88 x 10 mol s"'L"! for 2-WFFU, 13.16 x 10 mol
s'L! for 1-WFFU, and 16.99 x 10* mol s"'L"! for non-WFFU, were achieved at a G/L ratio of
1.79.

Therefore, when the G/L ratio increases, the removal efficiency decreases but the
absorption rate increases. The same trends are observed with a feed gas composition of 35%
CO2 and 65% N (Figure 5.6(b)). Because the G/L ratio is controlled by maintaining a constant
water flow rate of 14 L min™!, the increase of G/L ratio from 0.36 to 1.79 was equivalent to an
increase of the gas flow rate from 5 to 25 L min™!. Thus, an increase in gas flow rate leads to a
decrease in removal efficiency (Choi et al., 2009). This may be because an increasing G/L ratio
increases the load of CO; and reduces liquid turbulence inside the chamber (Xiao et al., 2014).
This leads to a smaller contact area and time between the gas and liquid phases, and prevents
production of a water film (Chai & Zhao, 2012, Lin & Chu, 2015). However, the increase of
G/L ratio with an increase of gas flow rate results in a larger amount of CO; entering 1 unit of
water volume within 1 unit of time; thus, the amount of CO» absorbed by the water in 1 unit of
time is higher. Moreover, a higher mass transfer coefficient is achieved with an increased gas
flow rate (Zeng et al., 2013). Therefore, the absorption rate increases with a higher G/L ratio

or gas flow rate.
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Figure 5.6 Effect of G/L ratio on CO, removal efficiency and absorption rate with a feed gas
composition of (a) 15% CO; and 85% N and (b) 35% CO, and 65% N,. Operating conditions:
gas supplying pressure = 0.50 MPa; water flow rate = 14 L min’!; and temperature = 15 °C.

5.3.5 Effect of temperature

When using tap water as the physical absorbent of CO, from mixed gas, the water
temperature is an essential parameter. The role of temperature in CO; capture by WFFU-
enhanced water absorption is shown in Figure 5.7. With an increase of temperature from 10
°C to 30 °C, the COz removal percentage decreased remarkably from 82.31% to 45.93% (non-
WFFU), 78.68% to 43.47% (1-WFFU), and 98.06% to 61.39% (2-WFFU). Correspondingly,
the absorption rate decreased from 7.53 x 10 to 6.32 x 10 mol s"'L"!, 7.36 x 10™* to 6.05 x
10 mol s"'L"!, and 8.16 x 10 to 7.23 x 10™* mol s"'L"!, respectively.

Increasing temperature has a negative effect on CO2 removal rate. In water-based physical
absorption, separation of CO, from mixed gas is achieved by the difference in solubility
between CO; and the other gases. The solubility of gas in the aqueous phase is a function of
pressure and temperature (Carroll ez al., 1991, Murray & Riley, 1971). Heating the temperature
of the solution promotes kinetic energy and causes more motion in the gas molecules trapped
in the liquid phase. This finally breaks the bonds between the two phases and releases the gas
into the environment. Hence, when temperature increases, the solubility of CO» decreases,

resulting in a reduction of CO, removal efficiency, as described in Figure 5.7.
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Figure 5.7 Effect of liquid temperature on CO> removal efficiency and absorption rate.

Operating conditions: gas supplying pressure = 0.30 MPa; G/L ratio = 1.07; total gas flow rate

=15 L min’'; water flow rate = 14 L min™'; and feed gas composition = 15% CO> and 85% No.

5.3.6 Taguchi method results

Due to our aim of obtaining a high removal efficiency and absorption rate, the S/N ratio
was transformed by the concept “Larger is better” (Eq 5.4). The higher the S/N ratio, the higher
the impact of this level on the responses (i.e. removal efficiency and absorption rate). This
means that, for each factor, the level with the maximum S/N ratio had the greatest effect on the
responses. The S/N ratios for each level of the five parameters are shown in Figure 5.8 and
Table 5.3. For each parameter, the value of delta is the difference between the maximum (high
effect) and minimum (low effect) S/N ratio. Furthermore, based on the analysis of variance
(ANOVA), the contribution percentage (%) of all parameters to the removal efficiency and
absorption rate were computed and presented in Figure 5.9. According to these results, it is

possible to rank and evaluate the effect of each factor on the removal and absorption rates.

The Taguchi method results indicate that the number of WFFUs outfitted in the absorption
apparatus was the most significant factor influencing the removal rate, with a contribution
percentage of 50.65% and a delta value of 2.37. The second and third most significant factors
were temperature and G/L ratio, with contribution percentages and delta values of 21.50% and
18.02%, and 1.89 and 1.71, respectively. The other factors consisting of gas supplying pressure
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(delta = 0.97) and CO: initial concentration (delta = 0.51) had a minor effect on the removal
rate, with a combined contribution percentage of only 7.27%. Accordingly, the highest removal
efficiency of nearly 98% occurred in the 2-WFFUs system, at a temperature of 15 °C, a G/L
ratio of 0.71, a CO; initial concentration of 35%, and a gas supplying pressure of 0.30 MPa
(see Table 5.4).

In terms of absorption rate, the influence of each factors was ranked from largest to
smallest as follows: CO; initial concentration, gas supplying pressure, G/L ratio, number of
WFFUs, and temperature, with delta values of 7.96, 7.11, 4.32, 0.92, and 0.44, respectively.
Among these factors, CO: initial concentration and gas supplying pressure showed a significant
influence on absorption rate, with contribution proportions of 47.35% and 37.45%,
respectively. Together, these two factors contributed 84.80% to the absorption rate.
Meanwhile, 14.98% of the response came from the G/L ratio, the number of WFFUs, and
temperature, which implies that these factors were insignificant. Based on the Taguchi
statistical analysis, at optimum conditions of a CO; initial concentration of 35%, a gas
supplying pressure of 0.70 MPa, a G/L ratio of 1.43, and a temperature of 15 °C, the absorption
rate reached a maximum of 55.05 x 10* mol s"'L! with the aid of 2-WFFUs enhancing the

absorption process (see Table 5.4).

Table 5.3 S/N response table for CO2 removal efficiency and absorption rate

S/N ratios — Removal efficiency

Factors Number of Gas CO2 initial G/L ratio Temperature
WFFUs supplying concentration
pressure
Level 1 35.28 36.93 36.23 37.40 37.44
Level 2 37.65 35.96 36.43 36.31 36.39
Level 3 36.51 36.74 35.69 35.56
Delta 2.37 0.97 0.51 1.71 1.89
Rank 1 4 5 3 2
S/N ratios — Absorption rate
Factors Number of Gas CO2 initial G/L ratio Temperature
WFFUs supplying concentration
pressure
Level 1 24.19 21.00 20.43 22.39 24.86
Level 2 25.11 24.86 25.14 24.86 24.68
Level 3 28.10 28.38 26.71 24.42
Delta 0.92 7.11 7.96 4.32 0.44
Rank 4 2 1 3 5
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47.35%

Figure 5.9 Contribution percentages and ranking of five controlling factors on the (a) removal

efficiency and (b) absorption rate of CO,.
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Table 5.4 Experimental verification under the optimum conditions

Number Gas CO; initial
supplying 2 . G/L  Temperature 0 RSD? R x 10* RSD?
Run of concentration : E (%) N A -1 o
pressure o ratio (°O) (%) (mol s”L™) (%)
WFFUs (%)
(MPa)
1 2 0.30 35 0.71 15 97.3 13.44
Op.1° 2 2 0.30 35 0.71 15 97.5 0.3 13.46 0.2
3 2 0.30 35 0.71 15 97.0 13.40
1 2 0.70 35 143 15 76.5 55.06
Op.2°> 2 2 0.70 35 143 15 76.5 0.1 55.03 0.1
3 2 0.70 35 143 15 76.6 55.06
Note:

* Relative standard deviation
® Op. 1, Op. 2: Optimum conditions for efficiency rate E (%) and absorption rate R (mol s"'L!), respectively.
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5.4 Conclusions

This study successfully investigated the influence of five factors on CO: capture from
mixed gas in a water-based physical absorption system using water-film-forming-units. The
results indicate that the number of WFFUs used in the absorption apparatus is the most
important factor for improving CO> removal efficiency, with a contribution of over 50% to
CO; removal performance. An increase in the number of WFFUs leads to a dramatic increase
in the removal rate, indicating that WFFUs have a strong effect on promoting CO> solubility
in the water phase. Solution temperature and G/L ratio have a significant influence on the
removal rate, with contribution percentages of 21.50% and 18.02%, respectively. Furthermore,
gas supplying pressure and CO: initial concentration show a minimal effect on the removal
rate, with contribution percentages of 5.69% and 1.58%, respectively. It can be concluded that
the effect of gas supplying pressure and partial pressure is minor. Therefore, the need to
increase pressure in order to achieve a high gas dissolution rate becomes unimportant if a
WFFU is used in the water scrubber. The use of WFFUs has advantages over conventional
water scrubbers because high mass transfer and dissolution rates can be accomplished at low
gas supplying pressures of 0.25 or 0.30 MPa. Generally, an apparatus with 2-WFFUs can
achieve a maximum removal rate of 98% at the following optimum conditions: temperature =
15 °C, G/L ratio = 0.71, inlet CO> concentration = 35%, and gas supplying pressure = 0.30
MPa. A maximum absorption rate of 55.05 x 10 mol s”'L"! can be achieved in an apparatus
with two WFFUs at the same optimum inlet CO» concentration and temperature conditions,

and at a G/L ratio of 1.43 and a gas supplying pressure of 0.70 MPa.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORKS

6.1 Conclusions

The utilization and effects of water-film-forming-unit (WFFU) in improving the capture of
CO; from the mixed gas (CO> and N») using water absorption is investigated completely and
successfully in this research. The main findings are presented into three main categories in

accordance with chapter 3 to chapter 5 as follows:

6.1.1 Performance of CO:2 removal process using a water scrubber enhanced with a

WFFU

The effects of five factors including internal pressure, gas supplying pressure, G/L ratio,
initial CO; concentration and temperature on CO> removal and absorption rate were
demonstrated fully and clearly. According to the experimental results, the optimum conditions
comprise a high internal pressure in the chamber, 0.30 MPa of compressed gas supplying

pressure, high inlet gas CO> concentration, and low temperature.

The increase of internal pressure (pressure inside absorption tank) from 0.06 MPa to 0.10
MPa leads to an increase of CO» removal rate by 3.0% as well as a sharp increase of CO»

absorption rate.

Gas supplying pressure has a proportional influence on CO; absorption rate. However, the
CO; removal efficiency firstly decreases since gas supplying pressure increases from 0.30 to
0.50 MPa and after that increases since gas supplying pressure increases from 0.50 to 0.70
MPa. It is hypothesized that in the surveying pressure range of 0.30 to 0.70 MPa, the effect of
gas supplying pressure is minor and the fluctuation of removal efficiency with pressure is small.
Therefore, good removal performance can happen at both condition of low and high pressure.
For the aspect of economic, the operation of removal process at low pressure (0.30 MPa) is a

better option with the manner of energy and cost-saving.

G/L ratio is an important factor of the CO, removal process. When the G/L ratio also reduced
from 1.79 to 0.36 in accordance with gas flow rate decreasing from 25 to 5 L min™!, the removal

rate surges dramatically while the absorption rate decreases.
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The increasing of CO; inlet concentration is the reason for a growth of CO» partial pressure
which is the driving force for gas dissolution in liquid phase. Therefore, this results in an

increase of removal and absorption rate.

Temperature is an essential controlling factor when using water absorption. The removal

efficiency and absorption rate experience a downward trend with an increase in temperature.

6.1.2 Response surface method (RSM) with central composite design (CCD) for

modeling the removal of carbon dioxide using water absorption enhanced with a WFFU

The RSM-CCD - statistical experimental design — successfully constructs models to identify
the effects of various independent variables including gas supplying pressure, initial CO»

concentration, G/L ratio, and temperature on the CO, removal efficiency and absorption rate.

The p-value of the regression model in both of the responses (removal efficiency and
absorption rate) equaled to 0.000, representing that the models were significant. The high
determination coefficients (R’) of 0.996 and 0.982, together with adjusted determination
coefficients (adj R?) 0of 0.993 and 0.966, for the responses of removal efficiency and absorption
rate, respectively, indicate that there are a good agreement and strong correlation between the

experimental and predicted values of the responses in both models.

In order to verify the reliability of our results and to determine the validity of our statistical
models and regression equations, 5 additional experiments were conducted under different
experimental conditions. The % error between predicted and observed values fluctuated in the
range of 0.46% and 3.69% for the removal efficiency and 3.59% and 8.28% for the absorption
rate. The results prove that the statistical models obtained from this study are both accurate and

reliable.

The combination of these results confirms that with statistical models and second-order
polynomial equations, the CO; removal efficiency and absorption rate could be calculated
precisely without conducting experiments. Hence, it is possible to determine the appropriate or
optimum conditions for controlling the absorption process to meet the standard requirements
of CO; removal and absorption rate in a cost-effective and timely manner. This approach

provides the means to employ this water absorption system in real-time.
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6.1.3 Influence of WFFU on the enhanced removal of carbon dioxide from mixed gas

using water absorption apparatus

With three cases of apparatus which equipped non-, 1-, and 2-WFFUs, under various
conditions of gas supplying pressure of 0.30 MPa, G/L ratio (0.71 — 1.43), initial CO;
concentration (10% — 35%) and temperature (10 °C — 30 °C), the CO> removal efficiency
fluctuates from 42.6% to 92.0% (non-WFFU), from 39.4% to 88.7% (1-WFFU) and from 55%
t0 99.1% (2-WFFUs) while the CO, absorption rate were in range from 5.03 x 10 to 23.37 x
10* mol s'L! (non-WFFU), from 4.97 x 10 to 22.57 x 10* mol s"'L"! (1-WFFU), and from
5.29 x 10 to 24.60 x 10 mol s™'L! (2-WFFUs).

The utilization of WFFUs revealed an improvement in the CO» capture ability; the CO-
removal efficiency for 2-WFFUs was approximately 20% higher than that for non-WFFU and
25% higher than that for 1-WFFU. With 2-WFFUs inside the chamber, the removal efficiency
of COs is greatly increased at a low gas supplying pressure of 0.30 MPa.

The analysis results by statistical tool “Taguchi method” indicate that the number of WFFUs
used in the absorption apparatus is the most important factor for improving CO; removal
efficiency in the comparing with other factors containing variables including gas supplying
pressure, initial CO; concentration, G/L ratio, and temperature, with a contribution of over 50%
to CO; removal performance. Meanwhile, temperature and G/L ratio contribute 21.50% and
18.02%, respectively on the removal rate. Furthermore, gas supplying pressure and CO; initial
concentration show a minor effect on the removal rate, with contribution percentages of 5.69%
and 1.58%, respectively. The conclusion is that the effect of pressure and partial pressure is
minor. Therefore, the need to increase pressure in order to achieve a high gas dissolution rate
becomes unimportant if a WFFU is used in the water scrubber. The use of WFFUs has
advantages over conventional water scrubbers because high mass transfer and dissolution rates

can be accomplished at low gas supplying pressures of 0.25 or 0.30 MPa.

Generally, an apparatus with 2-WFFUs can achieve a maximum removal rate of 98% at the
following optimum conditions: temperature = 15 °C, G/L ratio = 0.71, inlet CO> concentration
= 35%, and gas supplying pressure = 0.30 MPa. A maximum absorption rate of 55.05 x 10

mol s'L! can be achieved in an apparatus with two WFFUs at the same optimum inlet CO-
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concentration and temperature conditions, and at a G/L ratio of 1.43 and a gas supplying

pressure of 0.70 MPa.

6.2 Future works

It needs to develop the method to measure the bubble sizes, mass transfer coefficients and
gas hold-up when conducting experiments in order to comprehensively assess the absorption

process and fully understanding the effects of key factors on the CO, removal process.

Further research for the application of this advanced water absorption method in real-time
with industrial exhausted gas is required. In order to take part in the reduction of CO; effect on
the environment, it is necessary to practice this method as a part of the system “Carbon dioxide
capture and storage” and extensively develop the combination with CO; utilization such as

disinfection or microalga cultivation.

The next step of this research can focus on the utilization of the alternative cheap water such

as sea water and sewage water as the solvent for the absorption process.
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